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 Summary
Egg depredation is a major cause of reproductive failure among birds. Around the 
world, corvids (Family Corvidae) have been implicated in extensive depredation of 
bird eggs, and while they sometimes have a greater impact than mammalian 
predators, corvids often do not receive the management attention afforded to 
mammalian predators. This thesis examines the potential of an Australian native 
corvid, the little raven (Corvus mellori) as an egg predator at a burrow-nesting little 
penguin (Eudyptula minor) colony and a ground-nesting red-capped plover 
(Charadrius ruficapillus) population. Predation rates were high; clutches in 61% of 
penguin burrows and 79% of plover clutches were depredated by ravens. Aspects of 
nest microhabitat, such as the degree of vegetative cover, apparently mediated risk 
of egg depredation in penguin burrows but not in plover nests. Investigations of 
spatial and temporal variations in the abundance of little ravens suggested an 
increase in raven abundance coinciding temporally with the penguin egg laying 
period and corresponding spatially with the penguin colony. Similarly, ravens were 
most abundant when red-capped plover nests were most common. Thus, ravens may 
exploit the food pulse represented by seasonally available eggs. Investigations of 
space use of ravens revealed large areas of coverage encompassing both human-
modified and natural habitats. Dispersal from the trapping site was substantial, thus 
populations appeared to be rather open, and individual ravens exploit various natural 
and anthropogenic food sources. Little raven populations have increased rapidly 
over the past two decades and they are now considered ‘superabundant’. 
Consequently, their predatory impact is likely to continue to increase and perhaps 
spread to other burrow-nesting and ground-nesting birds, for which raven egg 
xiv 
 depredation has not yet been considered a problem. Managing egg predation by little 
ravens may be required to protect some bird populations but management strategies 
will need to overcome a highly intelligent, abundant and mobile egg predator.
xv 
 Chapter 1
General introduction
A pair of courting Little Ravens
(courtesy of Mike Weston)
1 
 Predation can simply be described as an ecological interaction where a predator (an 
organism that consumes animals) hunts and consumes live prey (the organism that 
is being hunted) (Begon et al. 2006). Predators can consume mobile and immobile 
life-stages of prey species including their eggs and / or young (Sinclair et al. 2003; 
Hanssen and Erikstad 2013; Carlile and Priddel 2015). A broad variety of predator-
prey relationships exist and these can profoundly influence all levels of biological 
organisation, from species to ecologies, and act on a variety of timescales, from split 
second escape behaviour of prey to the evolution of both predators and prey 
(Dawkins and Krebs 1979; Brodie and Brodie 1999).
1.1 Predators, evolution and arms races
Predators are essential constituents of ecosystems and the occurrence of constant 
predation over a long period, or intense predation within a short period of time, can 
give rise to evolutionary changes in prey species (Nosil and Crespi 2006; Loehle and 
Eschenbach 2012). Predation can drive the evolution of prey species in different 
ways such as through increased sexual dimorphism, changes in behaviours, trait 
divergence, etc. (Reimchen and Nosil 2004; Carlson et al. 2009; Belovsky et al.
2011; Ekanayake et al. 2015). For example, in the threespine stickleback 
(Gasterosteus aculeatus), sexual dimorphism (i.e. the number of dorsal and pelvic 
bony spines) is suggested to have resulted from males and females experiencing two 
different predation regimes based on their differences in foraging niches (Reimchen 
and Nosil 2004). Trait divergence among populations of prey species caused by
differential predator risk posed by the same predator species was evident in sockeye 
salmon (Oncorhynchus nerka), where the largest males were preyed upon most in a 
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 population that inhabited a creek which was subject to high predation risk by brown 
bears (Ursus arctos) whereas the smallest males were preyed upon most in two other 
populations that inhabited creeks featuring lower predation risk (Carlson et al.
2009).
As much as the evolution of prey species is influenced by predation, prey can also 
affect the evolution of predators (Hammond et al. 2012; Tien and Ellner 2012). This 
can lead to the coevolution of prey and predators where each exerts selective 
pressures on the other, thereby influencing each other’s evolution (Hammond et al.
2012; Anson and Dickman 2013). Although coevolution between a single predator 
and a single prey species have been described, many examples involve multiple 
predator and prey species where in most cases each species evolves in response to a 
number of other predator and prey species (Motychak et al. 1999; Pillai et al. 2012).
Nevertheless, studies of two-party predator-prey relationships have been conducted 
worldwide (Motychak et al. 1999; Heiling and Herberstein 2004; Williams et al.
2012). For example, the relationship between the predatory common garter snake 
(Thamnophis sirtalis) and its prey, the rough-skinned newt (Taricha granulosa), has 
been identified as a clear example of coevolution (Motychak et al. 1999; Williams
et al. 2012). As a result of predation by garter snakes and other predators over a long 
period of time, some newts in the population develop the ability to produce a potent 
neurotoxin which concentrates on their skin and acts as an antipredator adaptation 
(Motychak et al. 1999; Williams et al. 2012). In response, some garter snakes in the 
population gradually evolved resistance to this toxin and continue to prey upon the 
newts (Motychak et al. 1999; Williams et al. 2012).
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 These studies exemplify the importance of predation acting (along with a variety of 
other factors) on the evolution of both prey and predators. This evolution not only 
affects predators and prey but also the ecosystems within which they exist and for
which they depend on for other resources (Abrams 2000; Preisser et al. 2005). An 
array of different types of predators operate at different trophic levels in ecosystems;
hence, their predator-prey relationships play crucial roles in the functioning of 
ecosystems, and predators are considered influential and key ecosystem constituents
(Legagneux et al. 2012).
1.2 Predators as key ecosystem constituents
Predators can be classified according to their degree of specialisation and the trophic 
levels at which they operate in ecosystems. Some are highly specialised predators 
that predominantly prey on a single species which comprises the majority of the 
predator’s diet (Stenseth et al. 1997). In such cases, the fluctuations of populations 
of predators are highly correlated with the life cycles and fluctuations of prey 
populations. At the other end of the spectrum, predators can be generalist and 
opportunistic hunters that consume almost any type of prey. For example, the 
African lion (Panthera leo) preys on a multitude of different types of prey including 
mammals, birds, snakes etc., and its diet is determined largely by the size and 
availability of prey (Sinclair et al. 2003). Generalist predators may switch prey when 
availability of one type of prey decreases. For example, Arctic foxes (Alopex 
lagopus) switch from Norwegian lemming (Lemmus lemmus) to snow geese (Chen 
caerulescens) and other birds’ eggs with the decrease in abundance of lemmings
(Gauthier et al. 2004).
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 Predators operate in different trophic levels in food webs within ecosystems (Begon
et al. 2006; Legagneux et al. 2012). Usually the predators that prey upon the 
herbivores (consumers) in a food web are then in turn preyed upon by larger or more 
powerful predators (Finke and Denno 2004). The apex predators (i.e. the ones at the 
top of any food web) play a major role in suppressing or regulating the lower trophic 
levels in ecosystems (Ritchie and Johnson 2009; Brook et al. 2012; Steneck 2012).
However, an apex predator in one food web may not retain its position in a different 
food web (Begon et al. 2006). Nevertheless, the ecological role of some of these 
apex predators is critical to ecosystem function, especially in cases of predators 
acting as keystone species playing a significant role in maintaining the structure of 
an ecological community (Letnic et al. 2013). These predators may regulate, 
stabilise or support the diversity of ecological communities by preventing a single 
species from becoming dominant (Brook et al. 2012; Steneck 2012). The 
introduction or removal of these predators, or changes in their population densities, 
can have dramatic effects on the numeric composition and the functional role of 
species in the ecosystem (Brook et al. 2012; Letnic et al. 2013). For example, the 
removal of grey wolf (Canis lupus) from the Yellowstone National Park (USA) and 
the subsequent proliferation of herbivores, caused overgrazing which in turn led to 
disruptions of the ecosystem structure (Beschta and Ripple 2012).
Suppression of lower trophic levels by apex predators most often leads to diverse 
assemblages of species in ecosystems. A comparison of the shallow reef fish 
assemblages of two groups of Hawaiian Islands of which, one is large, remote and 
lightly fished (apex predators present) and the other, urbanised and heavily fished 
(apex predators absent), revealed dramatic differences in size, biomass and density 
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 of reef fish (number ha-1) (Friedlander and DeMartini 2002). However, in some 
cases, the apex predators can suppress the abundance and alter behaviour of prey 
releasing the next lower trophic level from regulation through predation. This is 
known as a ‘trophic cascade’, whereby the predator supresses the abundance of prey 
and in turn enhances the survival of the next lower trophic level which is usually 
utilised by its prey (Beckerman et al. 1997; Fortin et al. 2005; Bridgeland et al.
2010).
Within ecosystems, similar types of prey can be preyed upon by a number of 
different sympatric predator species (Begon et al. 2006). As a result, these predator 
species may compete for prey, however this competition for resources is minimised 
via a number of different mechanisms (Di Bitetti et al. 2010). Temporal partitioning 
of prey is demonstrated by predators such as tiger (Panthera tigris) and leopard 
(Panthera pardus) where tigers exhibit activity at night while leopards hunt 
predominantly during daytime (Ramesh et al. 2012). Some sympatric predators such 
as the Eurasian sparrowhawk (Accipiter nisus) and northern goshawk (Accipiter 
gentilis) possess similar morphological adaptations for prey capture but occupy 
different foraging niches where they consume different size classes of similar prey 
owing to slight body size differences (Moller et al. 2012). Reversed sexual size 
dimorphism (females larger than males) in raptors has resulted in the two sexes 
consuming similar types but different sizes of prey (Temeles 1985; Moller et al.
2012). This partitioning of resources is thought to alleviate competition between
predators and ensures a diverse range of prey species are regulated which in turn 
facilitates the maintenance of ecosystem structure (Di Bitetti et al. 2010; Moller et 
al. 2012).
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 1.3 Predators out of balance
Ecosystem structure is partially dependent on predator-prey relationships and the
introduction of novel predators into an ecosystem is one of many ways in which 
ecosystem structure can be significantly disrupted, imparting dramatic effects on 
lower trophic levels (Tschirhart 2000; Begon et al. 2006). These introduced 
predators have an advantage over native predators in that prey species may have not 
developed antipredator adaptations because they did not coevolve with the 
introduced predators (Diamond 1989; Short et al. 2002; Strauss et al. 2006). The 
removal or extinction of introduced or native apex predators can also lead to 
imbalances in ecosystems through ‘mesopredator release’ where their disappearance 
may release smaller predators (mesporedators) from regulation, increasing the 
abundance and impact of the mesopredator on shared prey in lower trophic levels
(Crooks and Soule 1999; Rayner et al. 2007; Prugh et al. 2009). Mesopredators may 
be suppressed by apex predators through killing or interference competition, which 
promotes behavioural changes and changes in habitat use that limit mesopredator 
distribution, abundance or effectiveness (Crooks and Soule 1999; Prugh et al. 2009).
Population booms of mesopredators have the potential to cause extinction of some 
prey species, especially those with vulnerable demographic profiles (e.g., low 
population growth) or behaviour which exposes them to predation (Crooks and 
Soule 1999; Johnson et al. 2007).
In some instances, the eradication of introduced predators is imperative in restoring 
the natural structure of ecosystems. Eradication has been successful in a number of 
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 cases (especially on islands) but has proven to be impossible in many other cases 
(Nogales et al. 2004; Oppel et al. 2011). For larger areas, eradication is seemingly 
impossible due to reasons such as greater area of predator occupancy, presence of 
humans and many other naturally occurring species that could potentially be affected 
by control methods (Oppel et al. 2011). Therefore, management strategies such as 
population control (Rushton et al. 2006), re-establishment of native apex predators 
(Ritchie and Johnson 2009; Wallach et al. 2010), immunocontraception (Bradley et 
al. 1997; Kirkpatrick et al. 1997) and behaviour modification (Treves and Karanth 
2003) have been adopted to manage the effect of problematic predators.
Substantial, deleterious impacts of introduced predators have occurred worldwide, 
triggering the development of large scale control and eradication programs. 
Numerous research studies have preceded these programs and governmental and 
non-governmental agencies have invested heavily into assessing the predators’ 
impacts on the environment (Oppel et al. 2011). Native predators often co-exist with 
introduced predators and their impacts are usually overshadowed by that of their
introduced counterparts. In some cases, the impacts of some native predators can be 
as profound on natural ecosystems as the introduced predators (Salo et al. 2007). In
many parts of the world, native predators do not receive the same attention and are 
generally less well studied. This is partly due to the fact that they are part of the 
natural ecosystem, usually less numerous compared with introduced predators and 
that their predatory activities are considered essential to the functioning of the 
ecosystem (Begon et al. 2006).
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 Early studies on native predators, especially apex predators and their interactions 
with native prey populations, suggest that native predators do not have large 
detrimental effects on the population sizes of their native prey either because: 1) 
these predators have coevolved and coexisted with their prey for long periods or 2)
that they consume only non-reproductive or ‘surplus’ individuals that are destined 
to die in any case (Errington 1956; Salo et al. 2007). Over the past few decades, this 
paradigm has slowly changed with the recognition that native apex predators can 
limit or even regulate population sizes of their prey and even occasionally cause 
local extirpations (Kavanagh 1988; Gurevitch et al. 2000; Korpimaki et al. 2004).
This can be explained partly by unnatural population booms in some of these native 
apex predators as they thrive on artificial resources associated with humans
(introduction of novel prey species, increases in other native prey populations, 
abundant alternative food sources such as rubbish tips, etc.) (Roemer et al. 2001; 
Kristan and Boarman 2003; Rominger et al. 2004).
1.4 Corvids, an overlooked group of native avian apex predators
Like other apex predators, avian apex predators play a key role in ecosystems but 
usually occupy a different niche to that of most mammalian predators (Pascoe et al.
2012). Generally, owing to their ability to fly, acute sight and smaller size compared 
to most mammalian apex predators, their prey differs from that of terrestrial 
mammals in that, in addition to terrestrial prey, their prey also comprises of species 
that can fly (other birds), inhabit trees (and so can prey upon arboreal prey) and are 
of smaller size with great agility (Pascoe et al. 2012; Law et al. 2013; Lima and 
O'Keefe 2013). Avian predators can also cover greater areas and therefore have the 
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 ability to prey on a diverse range of species and also to move elsewhere if and when 
their prey becomes scarce in a given area (Santangeli et al. 2012; Trierweiler et al.
2013). Most known avian apex predators comprise species from two main groups:
1) the eagles, hawks, falcons and allies, and 2) the owls, nightjars and allies 
(Ferguson-Lees and Christie 2006). These two groups, possess some similar 
characteristics, and can consume similar prey, but operate at different times of the 
day which reduces competition for prey (Ferguson-Lees and Christie 2006).
Corvids, a group of omnivorous birds, have emerged as apex predators (predators 
which themselves have virtually no predators in the ecosystems in which they 
usually inhabit) over the past half century. Corvidae is a cosmopolitan family of 
oscine passerine birds that comprise over 120 species of crows, ravens, rooks, 
jackdaws, jays, magpies, treepies, choughs and nutcrackers (Madge and Burn 1999).
These species range in size from the large common raven (Corvus corax) and the 
thick-billed raven (Corvus crassirostris), both of which regularly exceed 1400
grams, to the dwarf jay (Aphelocoma nana) at 41 grams (Madge and Burn 1999).
They have ‘robust’ body forms, strong legs and stout bills, and are mostly sexually 
monomorphic. They occur in most climatic zones and most species are non-
migratory. Many species are territorial, defending territories throughout the year or 
during the breeding season. Communal nocturnal roosting is also common among 
many corvid species (Madge and Burn 1999).
Corvids are considered to be amongst the most intelligent birds (Emery and Clayton 
2004; Marzluff and Angell 2007). Their cognitive capabilities have been well 
demonstrated. For example, the learning of other’s behaviour through observation 
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 (‘social learning’) was exhibited by large-billed crows (Corvus macrorhynchus)
(Izawa and Watanabe 2011). Their ability to make and use tools, acquired through 
social learning has also been investigated in New Caledonian crows (C.
moneduloides) and rooks (C. frugilegus) (Hunt et al. 2007). However, a recent study 
suggests that New Caledonian crows can also develop this ability without any social 
input, implying the possible acquisition of this skill by instinct (Kenward et al.
2005). Their ability to recognise their own reflections was demonstrated in European 
magpies (Pica pica), and was the first documented evidence of such abilities for a 
non-mammalian species (Prior et al. 2008). Corvids’ ability to learn culturally and 
rapidly change behaviours (Richardson and Verbeek 1987; Izawa and Watanabe 
2011) allow them to outcompete most other sympatric species with dietary overlaps.
The natural diet of many corvid species is highly varied, consisting of berries, fruits, 
seeds, invertebrates, nestlings, small mammals and carrion (Madge and Burn 1999).
Corvids such as magpies, crows and ravens are renowned carrion-eaters, scavenging 
on almost any carcass regardless of its size (Gjerde and Dahlgren 2010; Killengreen
et al. 2012; Huijbers et al. 2015). They are also known for their predatory behaviour, 
where they hunt or ambush their prey and utilise their strong legs and stout bills with 
slightly hooked upper mandibles to prey on nestlings, young and smaller birds and 
other animals (Norrdahl et al. 1995; Yosef and Yosef 2010; Cardilini et al. 2012).
They are also very efficient predators of bird eggs, plundering nests of many small 
and large bird species in a variety of different habitats, and some studies suggest that 
they can pose a significant threat to the survival of some prey species by eating their 
eggs (Weston and Elgar 2007; Mead 2012; Ekanayake et al. 2015).
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 1.5 Corvid predation of bird eggs
Corvids are very effective bird egg predators for a number of reasons. They 
apparently use visual cues in locating nests of other species (Santisteban et al. 2002; 
Ekanayake et al. 2015). For example, they have been reported ‘trap-lining’ closely 
spaced artificial nests destroying several nests sequentially within a few hours (Buler 
and Hamilton 2000). They are also believed to develop search images for real nests 
and have the ability to locate nests in flight (Dwernychuk and Boag 1972), on foot 
(Sugden and Beyersbergen 1987) and from perches (Salathe 1987). At Vandenberg 
air force base in California, crows were reported actively searching for western 
snowy plover (Charadrius alexandrinus) nests by flying low and flushing incubating 
adults and then by walking from one potential nest site to another (Persons 1995).
Ravens and crows can associate markers used by scientists with real nests and use 
these markers to locate eggs (Rollinson and Brooks 2007).
Corvids prey upon bird eggs of a range of sizes. American crows (Corvus 
brachyrhynchos) preyed equally upon large, medium (domestic fowl) and small 
(Japanese quail Coturnix japonica) eggs (Montevecchi 1976). More large eggs were 
pecked and consumed where they were located compared to small eggs most of 
which were removed entirely and cached for future consumption (Montevecchi 
1976). The eggs of sandhill cranes (Grus canadensis) (93 x 61 mm) are the largest 
documented egg that had been preyed upon by a corvid (Littlefield 1995; Austin and 
Mitchell 2010). Corvids have also been recorded preying on bird eggs of many 
different types of artificial (experimental) and natural nests (Table 1.1).
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 Table 1.1. A selection of studies in which corvids have been recorded preying on 
eggs from different types of nests, worldwide.
Corvid species Nest type References
Common raven (Corvus 
corax)
Ground Littlefield (1995); Vander Haegen et 
al. (2002); Pedersen et al. (2009);
Austin and Mitchell (2010); Demers 
and Robinson-Nilsen (2012)
Burrow Hayward et al. (2015)
Cliff Maccarone (1992)
Shrub Vander Haegen et al. (2002)
Tree Kelly et al. (2005)
American crow (Corvus 
brachyrhynchos)
Ground Dwernychuk and Boag (1972);
Montevecchi (1976); Sugden and 
Beyersbergen (1987)
Tree Buler and Hamilton (2000)
Fish crow (Corvus 
ossifragus)
Tree Shields and Parnell (1986);
Santisteban et al. (2002)
Hooded crow (Corvus 
cornix)
Ground Pedersen et al. (2009)
Black-billed magpie (Pica 
hudsonia)
Ground Dwernychuk and Boag (1972);
Vander Haegen et al. (2002)
Shrub Vander Haegen et al. (2002)
Magpie (Pica pica) Ground Pedersen et al. (2009)
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 Corvid species Nest type References
Blue jay (Cyanocitta 
cristata)
Tree Buler and Hamilton (2000)
Eurasian jay (Garrulus 
glandarius)
Shrub Mallord et al. (2012)
Australian raven (Corvus 
coronoides)
Ground Guiler (1966); Rees et al. (2015a)
Tree Dorfman and Read (1996)
Forest raven (Corvus 
tasmanicus)
Ground Rees et al. (2015b)
Little raven (Corvus 
mellori)
Ground Thomas (1969); Mead (2012);
Lomas et al. (2014); Ekanayake et 
al. (2015)
Tree Kentish et al. (1995)
Torresian crow (Corvus 
orru)
Tree McKilligan (1987)
Little crow (Corvus 
bennetti)
Tree Dorfman and Read (1996)
The impact of corvids as a predator has been augmented over the past half-century 
as they have thrived on disturbance associated with human habitation. Indeed, they 
are considered ‘urban exploiters’ (McKinney 2002; Chace and Walsh 2006; 
Palomino and Carrascal 2007). Some corvid species have come to rely on 
anthropogenic foods (Restani et al. 2001; McKinney 2002). In one study, three 
corvid species around campgrounds and human settlements appeared to have very 
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 diverse diets, which included foods such as bread, spaghetti etc. (Marzluff and 
Neatherlin 2006). Corvids have also developed behaviours such as caching where 
they hide and accumulate food to be consumed in the future (Montevecchi 1976; 
Emery and Clayton 2004). Their adaptability along with the increase in food 
availability has contributed to substantial increases in populations of some of these 
corvids and some have had negative effects on some prey species and other wildlife,
and have consequently been considered pests (Archer 2001; Brook et al. 2003; Yosef
and Yosef 2010).
In Australia, Corvidae is represented by three raven and two crow species (Rowley 
1973b; Higgins et al. 2006). All five species look similar, with robust bodies, glossy 
black/blue plumage and white irises (Rowley 1970; Higgins et al. 2006). They are 
best distinguished by their raucous vocalisations. Apart from that, there are slight 
differences in morphology, habits, preferred habitats and geographical distribution 
which aid in identifying them (Rowley 1970; Higgins et al. 2006). Within Australia, 
these five species collectively inhabit almost all the terrestrial and coastal habitats 
which include beaches, coastal forests, rainforests, highlands and deserts (Higgins
et al. 2006). Similar to other corvids, they are omnivorous and opportunistic foragers 
and thrive in environments with anthropogenic disturbance (Rowley and Vestjens 
1973; Higgins et al. 2006). As a result they have adapted to human habitation and 
have flourished in and around the major cities. Scavenging opportunities are also 
abundant, mainly derived from road-kills (Andrews 1990).
In Australia, the predatory behaviour of corvids has not been investigated 
extensively and most evidence is anecdotal in nature (Mykytowycz et al. 1959; 
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 Higgins et al. 2006; Cardilini et al. 2012). All five species have been observed 
preying upon other animals as well as eggs of other bird species (Table 1.1). To date,
no exploratory studies have been conducted and therefore virtually nothing is known 
about the predatory behaviour and the biodiversity implications of this group of 
superabundant species.
1.6 This study and thesis overview
The interest for this study stemmed from a number of reports that indicated little 
ravens (the commonest and most abundant species of corvid in south-eastern 
Australia) were preying on other bird eggs as well as their young and sometimes 
adult birds themselves (Weston and Elgar 2007; Cardilini et al. 2012). Recently, 
little ravens have been documented as major egg predators of ground-nesting species 
such as the red-capped (Charadrius ruficapillus) and hooded plovers (Thinornis 
rubricollis), sometimes outcompeting mammalian predators such as the introduced 
red fox (Vulpes vulpes) and feral cat (Felis catus) (Weston and Elgar 2007; Cardilini
et al. 2012; Ekanayake et al. 2015). There have also been anecdotal reports of ravens
preying on eggs within burrows of little penguins (Eudyptula minor) (Nakazawa 
2004; Swinburne and Jessop 2005) where the depredation intensity has reportedly 
increased rapidly over the past 2 - 3 years, recently becoming an issue of concern to
managers (P. Dann 2014, pers. comm.). Impact of little ravens as egg predators on a 
range of prey species, as well as the presence of expanding little raven populations 
thriving on anthropogenic resources, was the context for this study. This study 
specifically aimed to investigate to what degree little ravens prey on native bird eggs
(using two model systems), and in order to inform management options and 
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 determine the reliance of ravens on eggs as prey, it also investigated how they occur 
in time and space in these areas.
Therefore, the overarching theme of this thesis is centred on the egg predatory 
behaviour of little ravens, the severity of their impact on prey species, and their use 
of space and habitat in areas where they extensively prey on eggs. The thesis first 
identifies two prey species, the red-capped plover and little penguin that are affected 
by the egg predatory behaviour of little ravens and assesses the intensity of egg 
depredation. The thesis then goes on to assess the attributes of nests of these two 
prey species to determine whether there are any factors that predispose their eggs to 
predation by little ravens. It then explores the patterns of temporal occurrence and 
space use by little ravens near where the prey species occur, to assess whether the 
two prey species are targeted by little ravens. Therefore, this study attempts to fill 
the gaps in fundamental ecological knowledge of the hitherto unexplored predatory 
behaviour of little ravens and their patterns of space use and temporal occurrence 
which will then form the foundation for any management, either centred on the two 
prey species or the predator itself.
1.6.1 Thesis objectives and structure
This study has two main aims: to investigate the egg predatory behaviour of little 
ravens in regard to two prey species, and, to investigate little raven patterns of time 
and space use in areas where the two prey species breed. Each prey species has been 
allocated two chapters; one exploring the predatory behaviour of ravens and the loss 
of eggs, and the other exploring time and space use patterns of ravens (Fig. 1.1).
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 Chapter 2 investigates the impact of egg predatory behaviour of little ravens on
burrow-nesting little penguins and also whether burrow characteristics of little 
penguins predispose their eggs to little raven predation. This chapter has been 
published in the journal Wildlife Research.
Chapter 3 examines patterns of space use of little ravens in and around the area 
where the affected little penguin colony is located, to assess whether the penguins 
are targeted as a prey species during their breeding season. This chapter has been 
published in the journal Austral Ecology.
Chapter 4 investigates the impact of egg predatory behaviour of little ravens on
ground-nesting red-capped plovers and also whether nest characteristics of red-
capped plovers predispose their eggs to little raven predation. This chapter has been 
accepted by the journal Wildlife Research and is currently in press.
Chapter 5 examines patterns of space use of little ravens in and around the area 
where the affected red-capped plover population is located, to determine whether the 
red-capped plovers are targeted as a prey species during their breeding season. This 
chapter is intended to be submitted for publication in the journal Wildlife Research.
Chapter 6 is a synthesis of the preceding chapters. It identifies key findings, their 
implications for management of egg predation by little ravens and provides 
directions for future research.
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 Fig. 1.1. Structure and flow of this thesis.
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 1.6.2 Study species and study areas
The little raven (Corvus mellori) is a common native corvid species found in south-
eastern Australia and it inhabits mostly open habitats such as beaches, grasslands, 
farmland, sparse woodland, cities and other human settlements (Rowley 1970; 
Higgins et al. 2006). They average about 480 – 500 mm in length and weigh c. 500 
g (Rowley 1970; Higgins et al. 2006). They breed in late winter or early spring, 
building nests on tall trees with or without vegetative cover (Rowley et al. 1973; 
Higgins et al. 2006). They are omnivorous generalist foragers and are a common 
sight in and around cities, foraging amongst rubbish and also scavenging on road-
killed animals (Rowley and Vestjens 1973; Higgins et al. 2006). They are a sociable 
species and are often sighted in large flocks (Rowley 1973a; Higgins et al. 2006).
This study was conducted in south-central Victoria, Australia and two populations 
of little ravens were investigated for their egg predatory behaviour.
This study focused on two prey species that were suspected to be subject to egg 
depredation by little ravens. The first prey species, the little penguin (Eudyptula 
minor) is the smallest species of penguin in the world with an average length of 430 
mm and weight of 1 kg (Marchant and Higgins 1990). They are only found in 
southern Australia and New Zealand and they nest in colonies with a clutch of two 
eggs laid in burrows (Marchant and Higgins 1990). The penguin colony that was the 
subject of this study was located on the Summerland Peninsula, on the western end 
of Phillip Island, south-central Victoria, Australia (146o 22ƍ E, 38o 04ƍ S). This little 
penguin colony is one of the largest in Australia and is a major ecotourism attraction, 
hence it is of conservation significance as well as of economic importance 
(Sutherland and Dann 2014). The breeding season of this penguin colony occurs 
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 from late August to December every year with incubation during September and 
October (Sutherland and Dann 2014).
The colony encompassed both the southern and northern coastal belts of the 
Summerland Peninsula (Fig. 1.2) (Sutherland and Dann 2014). The landscape was 
dominated by open succulent herblands with bower spinach (Tetragonia 
implexicoma), seaberry saltbush (Rhagodia baccata) and rounded noon-flower 
(Disphyma crassifolium) that covered extensive areas around the coast, transitioning 
to dense tea tree (Leptospermum laevigatum) woodland interspersed with tussock 
grassland (Poa poiformis) further inland (Kemp and Dann 2001). The peninsula was 
also inhabited by a breeding population of little ravens (Swinburne and Jessop 2005).
The second prey species, the red-capped plover (Charadrius ruficapillus) is a small 
(150 mm in length and 38 g in weight), common ground-nesting endemic shorebird 
that lays 1 - 2 eggs per clutch, July - March, in a simple depression in the substrate 
along beaches and wetlands (Marchant and Higgins 1993). This study focused on a 
sizeable natural population of breeding red-capped plovers at and around two sub-
coastal wetlands west of Melbourne, south-central Victoria, Australia (Ekanayake et 
al. 2015; Tan et al. 2015). Cheetham Wetlands (37° 53 S, 144° 47ƍ(KD; Fig. 
1.3) DQGDGMDFHQW7UXJDQLQD6ZDPSƍ6ƍ(KD; Fig. 1.3) also 
host populations of little ravens, introduced European red foxes (Vulpes vulpes) and 
a variety of other potential egg predators (e.g. raptors, rodents and reptiles) (Antos
et al. 2007; Ekanayake et al. 2015; Tan et al. 2015). The wetlands are surrounded 
by natural grasslands, urban and industrial developments which provide an ideal 
habitat and many food resources for little ravens (Antos et al. 2007; Fig. 1.3).
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 In the wetlands, red-capped plovers nest on the dry shores and expanses of ponds 
and amongst low coastal saltmarsh vegetation dominated by native plant species 
such as shrubby glasswort (Tecticornia arbuscula) (Ekanayake et al. 2015; Tan et
al. 2015). They often lay multiple clutches within a breeding season providing a 
substantial food resource for egg predators (Ekanayake et al. 2015; Tan et al. 2015).
Red-capped plovers and little ravens frequently move between Truganina Swamp 
and Cheetham Wetlands (Ekanayake et al. 2015). Marking of red-capped plover 
adults attending nests had occurred as part of a different study over a few years 
which permitted the identification of individual birds (Ekanayake et al. 2015).
22 
 Fig. 1.2. Little penguin (Eudyptula minor) breeding grounds at the Summerland Peninsula, Phillip Island, south-central Victoria, Australia.
 
 Fig. 1.3. Red-capped plover (Charadrius ruficapillus) study area at Cheetham 
Wetlands and adjacent Truganina Swamp, west of Melbourne, south-central 
Victoria, Australia. The wetlands (swamp symbol) and adjacent grassland (solid 
grey), urban (crosshatch), and industrial (stippled) areas are also shown.
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 Chapter 2
Impact of egg predatory behaviour of little ravens on burrow-
nesting little penguins
*Ekanayake, K. B., Sutherland, D. R., Dann, P. and Weston, M. A. (2015). Out of 
sight but not out of mind: corvids prey extensively on eggs of burrow-nesting 
penguins. Wildlife Research. doi: 10.1071/WR15108.
*The content of this chapter is identical to the published version and has been 
presented to be consistent in style with the remaining thesis.
Evidence of Little Penguin egg predation by Little Ravens
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 2.1 Abstract
Context.
Egg depredation is a major cause of reproductive failure among birds, and can drive 
population declines. Here, we investigate novel predatory behaviour of a corvid 
(little raven; Corvus mellori) that has only recently emerged, leading to widespread 
and intense depredation of eggs of a burrow-nesting seabird (little penguin; 
Eudyptula minor).
Aims.
The main objective of this study was to measure the rate of penguin egg depredation 
by ravens to determine potential threat severity. We also examined whether penguin 
burrow characteristics were associated with the risk of egg depredation. Ravens 
generally employ two modes of predatory behaviour when attacking penguin nests, 
thus we examined whether burrow characteristics were associated with these modes 
of attack.
Methods.
Remote-sensing cameras were deployed on penguin burrows to determine egg 
predation rates. Burrow measurements, including burrow entrance and tunnel 
characteristics, were measured at the time of camera deployment.
Key results.
Overall, clutches in 61% of monitored burrows (n = 203) were depredated by ravens, 
the only predator detected by camera traps. Analysis of burrow characteristics 
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 revealed two distinct types of burrows, only one of which was associated with egg 
depredation by ravens. Clutches depredated by ravens all had burrows with wider 
and higher entrances, thinner soil or vegetation layer above the egg chamber, shorter 
and curved tunnels, greater areas of bare ground and whitewash near entrances, and 
86% were covered by bower spinach (Tetragonia implexicoma); through which 
ravens could excavate. Ravens used two modes to access the eggs: they attacked 
through the entrance (25% of burrow attacks, n = 124), or dug a hole through the 
burrow roof (75% of attacks, n = 124). Burrows that were subject to attack through 
the entrance had significantly shorter tunnels than burrows that were dug through 
the roof.
Conclusions.
The high rates of clutch loss recorded here highlight the need for population viability 
analysis of the penguin population to assess the effect of egg predation on population 
growth rates.
Implications.
The subterranean foraging niche of a corvid described here may have implications 
for burrow-nesting species worldwide because many corvid populations are 
increasing, and they exhibit great capacity to adopt new foraging strategies to exploit 
novel prey.
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 2.2 Introduction
Predation pressure can act as a strong selective force affecting aspects of breeding 
behaviour such as incubation (Schneider and Griesser 2013; Ekanayake et al. 2015)
and nest site selection (Colwell et al. 2011). In some species, egg depredation has 
been identified as a key threat, contributing to heightened extinction risk (Peery and 
Henry 2010; Massaro et al. 2013). Many seabird species nest on offshore islands 
inaccessible to mammalian predators (Fukami et al. 2006) and nest colonially to 
reduce predation risk (Stenhouse et al. 2005; Weidinger and Pavel 2013). Some 
seabirds nest in burrows (e.g. some penguins, shearwaters and smaller petrels; 
Sherley et al. 2012; Bourgeois et al. 2014), which provide the eggs with physical 
and visual protection from predators and allows easier defence of the clutch (Stokes 
and Boersma 1998).
Corvids are well-known for their ability to target nests and prey upon eggs 
(Luginbuhl et al. 1ČPHFDQG)XFKV. They are extremely versatile and 
effective egg predators, and are considered to be amongst the most intelligent birds
(Santisteban et al. 2002; Marzluff and Angell 2007; Izawa and Watanabe 2011).
Their adaptability, along with increasing food availability, has contributed to 
substantial increases in population size of some corvids (Brook et al. 2003; BirdLife 
Australia 2015). This increased abundance has resulted in an increase in the rate of 
egg depredation, threatening some prey species such as the marbled murrelet 
(Brachyramphus marmoratus) (Peery and Henry 2010). A few studies report corvids 
preying on eggs from nests in trees or on the ground (Schaefer 2004; Demers and 
Robinson-Nilsen 2012; Hayward et al. 2015), but no published study has yet 
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 provided evidence for corvids systematically and extensively depredating eggs from 
subterranean nests.
Our study was initiated after observations of a corvid species, the little raven, Corvus 
mellori, (hereafter ‘ravens’ or ‘little ravens’) raiding burrows of little penguins, 
Eudyptula minor, (hereafter ‘penguins’ or ‘little penguins’) on Phillip Island, south-
eastern Australia (Nakazawa 2004; Swinburne and Jessop 2005). This little penguin 
colony is one of the largest in Australia and is a major ecotourism attraction, hence 
threats to this population are of conservation significance as well as of economic 
importance (Sutherland and Dann 2014). If raven predation rates were to be 
sufficiently high, this could suppress breeding productivity and subsequent 
recruitment, thereby compromising the viability of the penguin population. 
Accordingly, the main objective of this study was to measure the rate of penguin egg 
depredation by ravens to determine the severity of the threat.
Penguin burrows vary in structure, and some characteristics may mediate the 
vulnerability to raven attack. Moreover, burrow characteristics may alter burrow 
conspicuousness or penetrability, affecting the way ravens access eggs in burrows 
(Nakazawa 2004). Thus, our second aim was to examine whether burrow 
characteristics were associated with the risk of clutch loss. Observations of raven 
behaviour within the penguin colony suggest ravens may access penguin eggs using 
two modes of attack: (1) through the burrow entrance; or (2) by digging through the 
roof of the burrow (Nakazawa 2004). A greater understanding of how ravens access 
eggs within burrows using these two modes and also differences in characteristics 
of burrows associated with different modes of attack may lead to possible 
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 management solutions. For example, management options such as the use of 
physical barriers to obstruct the accessibility of penguin eggs through the burrow 
roof could be more efficiently adopted with the identification of potential burrow 
characteristics associated with the digging mode of attack. Hence, our third aim was 
to examine whether burrow characteristics were associated with different modes of 
raven attack.
2.3 Methods
2.3.1 Study site
The penguin colony was located on the Summerland Peninsula, on the western end 
of Phillip Island, south-central Victoria, Australia (146o 22’E, 38o 04’S). The colony 
encompassed both the southern and northern coastal belts of the peninsula 
(Sutherland and Dann 2014). Two unmonitored areas of the penguin colony along 
the southern coastal belt (Fig. 2.1) were chosen as the study site because burrows of 
all other monitored areas of the colony were marked using stakes which would 
potentially attract ravens and other birds to burrows. The landscape was dominated 
by open succulent herblands with bower spinach (Tetragonia implexicoma), 
seaberry saltbush (Rhagodia baccata), and rounded noon-flower (Disphyma 
crassifolium) that covered extensive areas around the coast, transitioning to dense 
tea tree (Leptospermum laevigatum) woodland interspersed with tussock grassland 
(Poa poiformis) further inland (Kemp and Dann 2001). The peninsula was also 
inhabited by a breeding population of ravens (Swinburne and Jessop 2005). A few 
anecdotal observations of ravens preying on eggs of little penguins have been 
reported in the past from this penguin colony (Nakazawa 2004; Swinburne and 
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 Jessop 2005). However, a systematic study to determine the rate of penguin egg 
depredation by ravens had not been conducted but the frequency of observations of 
egg depredation has increased over the past decade (P. Dann 2015, pers. obs.).
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 Fig. 2.1. Map of the study site on the Summerland Peninsula, Phillip Island, south-eastern Australia.
 
 2.3.2 Camera trap deployment and burrow monitoring
Penguin breeding areas were searched by examining burrows for eggs and
incubating adults during the breeding season from September to December 2013, 
and burrows with two attended eggs (complete clutches) were monitored with 
remote-sensing day/night ScoutguardTM camera traps (5MP ultra compact digital 
scouting/trail camera, DTC-530 V, HCOTM) which was stationed 2-3 m from the 
entrance of the burrow. Camera traps were deployed on every second burrow with 
an incubating adult as encountered, and the remaining burrows (controls) were 
monitored via direct observations (as were those with camera traps) to compare 
whether the presence of camera traps near burrows affected the rate of depredation. 
The cameras were set to high sensitivity and configured to capture three images at 
one second intervals, with the interval between triggers and inactive period set to 
one second. Camera traps were encased in camouflaged plastic containers mounted 
on a short stake about 200 mm above the ground to maximize concealment from 
predators. 
Each burrow was monitored weekly from the day that two eggs were detected until 
the eggs were depredated or until the eggs hatched and chicks were at least two 
weeks old (large enough to defend themselves; Kemp and Dann 2001). Each week, 
camera traps were checked for images and control burrows (those without camera 
traps) were inspected for signs of depredation. Images were coded to determine the 
number of days after deployment to the first raven visit to the burrow, for evidence 
of egg depredation, and to record the mode of attack (if any) adopted by ravens. The 
first day of raven visit was when a raven, or pair of ravens, visited the burrow and 
showed interest by either thrusting their head through the burrow entrance or 
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 inspecting the burrow by walking around it. The fate of clutches was coded as 
‘preyed upon’ when the ravens depredated at least one of the two eggs or as 
‘survived’ if the eggs hatched and chicks reached the age of two weeks. Mode of 
attack was also coded as through the entrance (hereafter ‘entry attack’) or through 
digging a second entrance to access the nest (hereafter ‘digging attack’).
2.3.3 Burrow characteristics
Burrow characteristics were measured at the time of burrow discovery to identify 
any factors that may predispose burrows to loss of eggs from raven attack. 
Detectability of penguins by ravens may increase with larger areas of bare ground 
and white faecal excretions of penguins (hereafter ‘whitewash’). Little ravens detect 
eggs by sight rather than smell (Ekanayake et al. 2015). Thus, we measured the area 
of bare ground and whitewash at the burrow entrance (Table 2.1).
In addition, the following burrow characteristics were also measured as they could 
mediate raven access to eggs after detection: maximum width and height of the 
burrow entrance, the thickness of burrow roof at the entrance, length of burrow 
tunnel, curvature of the tunnel, and the species of vegetation above the burrow 
(Table 2.1). The thickness of burrow roof and the vegetation above the burrow could 
influence the penetrability of the nest from above while larger entrances and 
straighter tunnels may facilitate raven access to the eggs via the entrance.
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 Table 2.1. Burrow characteristics (variable names used in analyses) of little penguins (Eudyptula minor) on Phillip Island, measured when 
monitoring of each burrow began. Methods and precision of measurement for each characteristic are also presented.
Burrow characteristic Method of measurement Precision/categories
Area of bare ground at burrow entrance 
(BareGround)
Estimated using a laminated 0.01 m2 piece of paper To nearest m2
Area of whitewash at burrow entrance 
(Whitewash)
Estimated using a laminated 0.01 m2 piece of paper, 
subsequently dividing into three categories
low / medium / high
Width of burrow entrance (Width) Measuring tape To nearest 10 mm
Height of burrow entrance (Height) Measuring tape To nearest 10 mm
Thickness of burrow roof at entrance
(Thickness)
A clinometer was used to measure the slope of burrow 
and habitat and then used trigonometry
To nearest 10 mm
 
 Burrow characteristic Method of measurement Precision/categories
Length of burrow tunnel (Length) Measuring tape To nearest 10 mm
Curvature of burrow tunnel (Curvature) Visual examination of curvature by viewing the burrow 
from front
curved / straight
Species of vegetation above the burrow 
(Vegetation)
Identified the dominant species of vegetation above the 
burrow, resulting in four categories
bower spinach / seaberry saltbush / 
grass / rounded noon-flower
 
 2.3.4 Statistical analysis
All model selection analyses were conducted in R (version 3.1.2) using the ‘glm’ 
function within the ‘stats’ package (R Core Team 2015). The burrow characteristics 
of preyed upon and survived clutches were highly correlated (r values: 0.7 – 0.9). 
Therefore, a generalised linear model (GLM) or a similar approach was deemed 
inappropriate because highly correlated predictor variables can give rise to unstable 
parameter estimates (Crawley 2007). Moreover, when a GLM was attempted, owing 
to the complete separation in the burrow characteristics between preyed upon and 
survived clutches in burrows, the GLM failed to converge. Thus, a multidimensional 
scaling (MDS) approach was then adopted because it dealt with data from correlated 
variables and provided meaningful underlying dimensions to help explain and 
visualise observed similarities or dissimilarities (Clarke 1993). Patterns of burrow 
characteristics for clutches that were either preyed upon or survived, were visualised 
with non-metric MDS plots based on Euclidean resemblance matrices in PRIMER 
(version 6) (Clarke 1993). All continuous variables (burrow characteristics) were 
normalised via log transformation.
The burrow characteristics of clutches that were preyed upon using the two modes 
of attack were not highly correlated with each other (r values: 0.2 – 0.5). Therefore, 
we modelled the influence of burrow characteristics on the two modes of attack 
using GLMs. The categorical response variable ‘entry attack’ / ‘digging attack’ was 
modelled as a binomial distribution using logistic regression against the thickness of 
burrow roof at the entrance and length of burrow tunnel (continuous variables), and 
curvature of the tunnel (categorical variable with two levels; ‘curved’ or ‘straight’) 
because these characteristics were thought to influence the mode of attack. All two-
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 way interaction terms of the above three characteristics were also included in the 
models. An information theoretic approach was used to assess support for candidate 
models including all combinations of predictor variables (Burnham and Anderson 
2002). Models were ranked using Akaike’s information criterion adjusted for small 
samples (AICc). We used model averaging of parameter estimates to provide 
estimates of the strength, direction and uncertainty of parameters. Model averaging 
was undertaken using the MuMIn package (Barton 2015) in R (R Core Team 2015).
All results are presented as means ± standard error (SE).
2.4 Results
2.4.1 The rate of penguin egg depredation by ravens
Within the study areas, 216 burrows with adults incubating eggs were located and 
monitored to determine the fate of clutches until chicks reached two weeks of age. 
Camera traps were deployed at 108 burrows. Seventy-nine clutches in burrows were 
not attacked by ravens and 124 clutches were deemed to have been preyed upon by 
ravens. Thirteen clutches monitored by camera traps were abandoned and hence, 
were excluded from the analysis. The presence of a camera in front of a burrow had 
no influence on the probability of depredation (generalised linear model; z = 1.448, 
df = 1, 201, p = 0.14).
Overall, clutches in 61.1% of burrows (n = 203) were depredated; 65.7% of control 
burrows (n = 108) and 55.8% of camera-monitored burrows (n = 95). Depredation 
of hatchlings (1-3 days old) was also detected in 2.1% of camera-monitored burrows. 
Ravens were the only egg predator detected by camera traps and all attacks occurred 
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 during daylight hours. Burrows that were monitored using cameras showed evidence 
of regular raven visitation regardless of the fate of the clutch. Even though 44.2% of 
these clutches survived (n = 95), 97.6% of those burrows were still frequently visited 
but not attacked (every 20.4 ± 1.2 hours) by ravens. Of the burrows monitored by 
camera traps, 65.3% were visited by a raven within 10 days after the clutch was 
discovered and monitoring commenced.
2.4.2 Burrow characteristics associated with the risk of clutch loss
MDS revealed clear separation of burrows into two types, one of which experience 
egg loss to ravens, the other which did not (Fig. 2.2). Examination of raw data 
provided evidence for the clear distinction in burrow characteristics between 
clutches that were preyed upon or survived (Fig. 2.3). The burrows in which the 
clutches were preyed upon by ravens had wider and higher entrances, thinner soil or 
vegetation layer above the egg chamber, shorter and curved tunnels, larger areas of 
bare ground and whitewash near entrances, and were covered predominantly by 
bower spinach.
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 Fig. 2.2. Multidimensional Scaling (MDS) plot of burrow characteristics (area of 
bare ground and whitewash near burrow entrance, width and height of entrance, 
thickness of roof at entrance, length and curvature of burrow tunnel, and species of 
vegetation above burrow) of little penguins on Phillip Island. The plot shows a clear 
distinction between characteristics of clutches that were preyed upon by ravens 
(triangles) and those that survived (squares).
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 Fig. 2.3. Differences in little penguin burrow characteristics on Phillip Island, 
between clutches that were preyed upon by little ravens (Corvus mellori) and that 
survived. Boxes display the first quartile, median, and third quartile and the whiskers 
display the minimum and maximum distribution of data of burrow characteristics.
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 2.4.3 Burrow characteristics associated with modes of raven attack
Once initiated, all raven attacks were successful. Camera images and direct 
observations provided evidence of the two modes of attack adopted by ravens when 
preying upon penguin clutches. The first mode termed ‘entry attack’, involved 
accessing the eggs through the entrance of the burrow (25% of attacks, n = 124). In 
this mode, a single raven carried out the attack by visiting the burrow frequently for 
4 - 10 days before the day of depredation. It repeatedly thrust its head through the 
burrow entrance, while the adult penguin defended its eggs. On the day of 
depredation, the raven thrust its head through the burrow entrance and harassed the 
adult penguin until defence failed. The raven consumed the eggs outside the burrow 
(87.2% of 31 attacks) leaving egg shell remains as detectable signs of depredation, 
or flew away with the egg in its beak. No signs of destruction of the burrow were 
evident except in some instances when the entrance was widened (Fig. 2.4). The 
burrow was subsequently abandoned by the penguins, presumably the widened 
entrance rendered it unusable.
The second mode termed ‘digging attack’, involved accessing the eggs by digging 
through the roof of the burrow (75% of attacks, n = 124). This was carried out by 
either a pair of ravens (84.2% of these attacks) or by a single raven. Ravens visited 
the burrow frequently for 7 - 15 days prior to depredation. On the initial day of 
attack, they thrust their heads through the burrow entrance and then started digging 
through the roof of the burrow over 4 – 7 days penetrating the vegetation and/or soil 
layer to access the nest with eggs. On the day of depredation, the pair of ravens acted 
in co-ordinated fashion where one kept digging into the burrow while the other kept 
harassing the adult penguin through the entrance of the burrow. In the case of 
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 depredation by a single raven, it kept digging into the burrow while harassing the 
adult penguin through the excavated hole. This process continued until the penguin’s 
nest defence failed and eggs were preyed upon. The ravens consumed the egg outside 
the burrow on most occasions (90.2% of 93 digging attacks) and remains of egg shell 
were sighted near the burrow. The burrow was subsequently abandoned, presumably 
the wide hole left in the roof of the burrow rendered it unusable (Fig. 2.4).
Differences in burrow characteristics between entry and digging attacks were 
modelled using generalised linear models and a total of 64 possible models were 
considered. The two top-ranked models included length of burrow tunnel and 
FXUYDWXUHRIWXQQHOPRGHOVZLWKǻi < 2; Table 2.2). The best model contained only 
the length of burrow tunnel (df = 2, r2 = 0.34, wi = 0.33; Table 2.2). However, since 
there was not a single model with overwhelming support (i.e. wi > 0.9), we calculated
averaged estimates of coefficients and standard errors by model averaging. Model 
averaging provided further evidence for the significance of length of burrow tunnel 
(c = -0.43 ± 0.23, z = 1.58) in explaining the mode of attack adopted by ravens, but 
only provided weak evidence for curvature of burrow tunnel (c = -0.05 ± 2.99, z =
0.02).
Examination of raw data revealed that the mean length of tunnels for burrows subject 
to entry attacks (156.4 ± 7.0 mm) was shorter than burrows subject to digging attacks
(222.3 ± 4.0 mm). Burrows that tended to be attacked by entry attack mode 
possessed both curved and straight tunnels, 48.4% and 51.6% of burrows 
respectively (n = 31), whereas most burrows which experienced a digging attack had 
curved tunnels (89.2%, n = 93). In entry attacks the mean thickness of burrow roofs 
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 was slightly thinner (109.5 ± 3.0 mm) than for digging attack mode (116.0 ± 2.0 
mm). Most burrows in which clutches were preyed upon were located beneath bower 
spinach (86.3%, n = 124) and 77.6% of these clutches were subjected to digging 
attacks.
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 Fig. 2.4. Examples of different little penguin burrow types and modes of little raven 
attack captured by camera traps on Phillip Island: (A) a burrow in which the clutch 
survived (short and narrow entrance, small area of bare ground at entrance, long 
straight tunnel, etc.), (B) a burrow in which the clutch was preyed upon (wide 
entrance, bower spinach vegetative cover, short curved tunnel, etc.), (C) Raven 
thrusting head through entrance of burrow (‘entry attack’), (D) Raven preying on 
egg taken through the hole on the right made by the ‘digging attack’ mode (burrow 
entrance on left), (E) Raven in the process of widening the burrow entrance for an 
entry attack, (F) Raven preying on egg taken through the entrance widened by the 
‘entry attack’ mode.
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 Table 2.2. Model selection results for the influence of burrow characteristics on the 
mode of attack adopted by little ravens (Corvus mellori) in preying upon little 
penguin clutches on Phillip Island (k = number of parameters; AICc = AIC values 
DGMXVWHGIRUVPDOOVDPSOHVL]HV¨i = Delta AICc i.e. the difference in AICc value 
with previous model; wi = model weight; r2  WHVWVWDWLVWLF2QO\PRGHOVZLWK¨i <
10 are presented.
Model k AICc ¨i wi r2
Length 2 92.17 0.00 0.33 0.34
Length + Curvature 3 93.15 0.98 0.20 0.35
Length + Thickness 3 94.27 2.10 0.12 0.34
Length + Curvature + Thickness 4 95.22 3.05 0.07 0.35
Length + Curvature + Length*Curvature 4 95.28 3.11 0.07 0.35
Length + Thickness + Length*Thickness 4 95.90 3.73 0.05 0.34
Length + Curvature + Thickness + 
Curvature*Thickness 5 95.92 3.75 0.05 0.35
Length + Curvature + Thickness + 
Length*Thickness 5 97.02 4.85 0.03 0.35
Length + Curvature + Thickness + 
Length*Curvature 5 97.38 5.21 0.02 0.35
Length + Curvature + Thickness + 
Length*Thickness + Curvature*Thickness 6 98.00 5.82 0.02 0.35
Length + Curvature + Thickness + 
Length*Curvature + Curvature*Thickness 6 98.00 5.83 0.02 0.35
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 Model k AICc ¨i wi r2
Length + Curvature + Thickness + 
Length*Curvature + Length*Thickness 6 99.22 7.05 0.01 0.35
Length + Curvature + Thickness + 
Length*Curvature + Length*Thickness + 
Curvature*Thickness 7 100.14 7.96 0.01 0.35
2.5 Discussion
Little ravens were the only predator detected in cameras and they constituted the 
major source of mortality of little penguin eggs, preying on clutches in 61% of 
burrows. The high rate of clutch loss reported here is unprecedented, and higher than 
previously reported in this colony (Nakazawa 2004). This is the first study to 
systematically explore the egg predatory behaviour of little ravens and its impact on 
burrow-nesting little penguins. Worldwide, corvids have been identified as major 
egg predators of surface and tree-nesting birds but not of burrow-nesting birds 
(Luginbuhl et al.  1ČPHF DQG )XFKV . A key benefit of nesting 
underground is that it provides protection from avian predators (Regehr et al. 1998; 
Stokes and Boersma 1998), although burrow-nesting birds may suffer egg 
depredation from mammalian and reptilian predators (Igual et al. 2006; VanZandt
et al. 2014; Buxton et al. 2015). Of the few studies that report corvids preying on 
eggs of burrow-nesting birds (Hudson 1982; Blight et al. 1999; Hayward et al.
2015), none report substantive depredation.
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 2.5.1 Burrow characteristics associated with the risk of clutch loss
Burrows in which clutches were preyed upon had characteristics that likely aided 
prey detection and access by ravens, such as area of bare ground and area of 
whitewash at the burrow entrance. These characteristics may provide visual cues to 
aerial predators of the likely contents of the burrow. Corvids forage using mainly 
visual cues (Santisteban et al. 2002; Ekanayake et al. 2015) and an incubating parent 
on a nest is thought to provide a visual cue to the presence of eggs or young (Amat 
and Masero 2004). For burrow-nesting birds, this visual cue is mostly absent as the 
incubating adult is concealed within the burrow. Corvids in this study appeared to 
determine the presence of an incubating adult and/or eggs by associating other visual 
cues relating to activity in the burrow such as area of whitewash and bare ground at 
the burrow entrance which were significantly larger in burrows with preyed upon 
clutches. Ravens also actively searched burrows, and frequently visited, and 
revisited, burrows in which breeding penguins occurred.
Shorter burrows with larger entrances experienced higher rates of predation, which 
may have been due to the resulting accessibility of eggs to corvids. A study on 
Magellanic penguin (Spheniscus magellanicus) nest-site characteristics revealed 
that the amount of cover on the roof and the height of nest entrance was an important 
determinant of egg loss to avian and mammalian predators. However, unlike this 
study, the width of nest entrance and length of tunnel did not influence the fate of 
eggs (Stokes and Boersma 1998). Numerous other studies on surface-nesting bird 
species reveal the importance of nest cover, as it mediates the risk of egg loss to
predators (Dwernychuk and Boag 1972; Sugden and Beyersbergen 1987).
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 2.5.2 Burrow characteristics associated with modes of raven attack
The modes of attack adopted by ravens in this study have not been described 
elsewhere in detail. The entry attack mode mostly involved burrows with shorter 
non-curved tunnels where the incubating adult or eggs could be sighted when viewed 
through the entrance of the burrow. Potentially, a visual cue becomes available as 
soon as the raven visits the burrow and views the nest through the burrow entrance. 
The digging attack mode occurred mostly in burrows with longer curved tunnels 
where the incubating adult or eggs are not easily visible when viewed through the 
entrance. The location of potential prey in burrows by ravens in this mode was likely 
achieved by repeatedly thrusting their heads through the entrance of the burrow. It 
might be that digging attacks are initiated only after a failed entry attack. Accessing 
eggs by digging reflects ‘object permanence’ (understanding that objects continue 
to exist even when they cannot be observed) and ‘associative learning’ (an 
association between two stimuli or a behaviour and a stimulus is learned), which 
have been demonstrated in numerous other corvids (Emery and Clayton 2004; 
Ujfalussy et al. 2013), where a cognitive association is formed between non-egg 
cues and the presence of eggs. It also reflects an ability to manipulate the 
environment, using their robust beaks and feet to engineer an access portal to the 
eggs. The use of tools to access prey has been reported in corvids (Emery and 
Clayton 2004; Marzluff and Angell 2007); however, substantial tunnelling or 
excavating to access prey has to our knowledge, not been previously reported.
2.5.3 Implications for conservation, and future research
Corvids aggregate near colonies of surface and tree-nesting birds to prey on eggs 
and chicks (Maccarone 1992; Kazama and Watanuki 2010). In Australia, reports and 
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 anecdotal observations provide ample evidence of little ravens preying on eggs of 
surface-nesting species, such as the red-capped plover (Charadrius ruficapillus)
(Cardilini et al. 2012), hooded plover (Thinornis rubricollis) (Weston and Elgar 
2007), and Australasian gannet (Morus serrator) (L. Angel 2013, pers. comm.). The 
incidence of little ravens preying on burrow-nesting penguin eggs reveals that the 
niche in which they operate may be broader and more flexible than previously 
understood or has increased in significance relatively recently. In fact, it has only 
been observed in the last 15 years of a 45 year study of penguins on the Summerland 
Peninsula (P. Dann 2015, pers. obs.). The implications of expanding niche breadth 
of ravens may also be applicable to corvids worldwide as their populations increase, 
thriving in anthropogenic landscapes (Brook et al. 2003; Marzluff and Angell 2007).
As one of the most intelligent groups of birds with high capacity for cultural learning
(Marzluff and Angell 2007; Izawa and Watanabe 2011), the exploitation of this 
subterranean niche may pose a threat to some already threatened burrow-nesting 
prey species.
The loss of recruitment of young penguins caused by the high rate of depredation 
discovered in this study is of concern for one of the largest known populations of 
little penguins, and potentially for its associated social and economic benefits (Dann 
and Chambers 2013). The emergence of a common native predator of eggs and 
hatchlings has raised alarms. Introduced predators such as red fox (Vulpes vulpes)
and feral cats (Felis catus) have already had an impact on the penguin population 
and are being managed at present (Kirkwood et al. 2005; Kirkwood et al. 2014; Rout
et al. 2014). Population viability models are needed, which examine the influence 
of the observed high predation rate on penguin population growth. Moreover, future 
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 research into effective methods of managing predatory behaviour of ravens is 
warranted.
Several methods already exist to manage the depredation of eggs by ravens. 
Aversive conditioning of corvids has been trialled successfully (Cox et al. 2004; 
Gabriel and Golightly 2014) but the applicability of this approach to little ravens, or 
in the context of a penguin colony, remains untested. The culling of corvids has been 
successful at reducing predation rates in the short term (Bodey et al. 2009; Fletcher
et al. 2010), but further research is warranted to determine its effectiveness in the 
long term. Other management methods aimed directly at protecting burrows from 
raven attack, such as deploying protective physical barriers over burrows (L. 
Renwick 2013, pers. comm.), and providing artificial nest boxes (Sutherland et al.
2014) have been trialled with mixed success. These methods may only prevent 
digging attacks and are labour intensive and intrusive. As corvids are widespread 
and the opportunity for cultural learning remains, effectively managing the impact 
of ravens on little penguins in the system described here could assist other colonies 
of burrow-nesting seabirds which may be suddenly subject to intense corvid egg 
depredation.
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 Chapter 3
Spatial ecology of little ravens near the burrow-nesting little 
penguin colony
*Ekanayake, K. B., Weston, M. A., Dann, P. and Sutherland, D. R. (2015). Corvids 
congregate to nesting colonies of a burrow-nesting seabird. Austral Ecology. doi: 
10.1111/aec.12311.
*The content of this chapter is identical to the published version and has been
presented to be consistent in style with the remaining thesis.
A flock of Little Ravens foraging at Phillip Island, Victoria, Australia
(courtesy of Laura Tan)
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 3.1 Abstract
Context.
Egg predation is a major cause of reproductive failure among birds, and can 
compromise the viability of affected populations. Some egg predators aggregate near 
colonially breeding birds to exploit the seasonal increase of prey resources.
Aims.
We investigated spatial and temporal variations in the abundance of an egg predator 
(little raven Corvus mellori) to identify whether ravens aggregate spatially or 
temporally to coincide with any of three potential prey species: burrow-nesting little 
penguin (Eudyptula minor), short-tailed shearwater (Ardenna tenuirostris), and 
surface-nesting silver gull (Chroicocephalus novaehollandiae).
Methods.
We derived spatially-explicit density estimates of little ravens using distance 
sampling along line transects throughout a calendar year, which encompassed little 
penguin, short-tailed shearwater, and silver gull breeding and non-breeding seasons.
Key results.
High raven abundance coincided temporally with penguin and gull egg laying 
periods but not with that of shearwaters. The spatial distribution of raven density 
corresponded with the little penguin colony but not with shearwater or gull colonies.
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 Conclusions.
Thus, the presence of little penguin eggs in burrows correlated strongly with little 
raven activity and this implies that little ravens may have learnt to exploit the 
plentiful sub-surface food resource of little penguin eggs.
Implications.
Corvid management may be required to maintain the viability of this socially and 
economically important penguin colony.
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 3.2 Introduction
 
Some predators target seasonal or temporal increases in prey abundance, aggregating 
in areas and at times to coincide with abundant prey resources (Clua and Grosvalet 
2001; Matthews et al. 2011; Barnett and Semmens 2012). Investigating these spatial 
and temporal movement patterns of predators is important in understanding 
predator-prey relationships and the potential influence of predators on prey 
populations (Clua and Grosvalet 2001; Barnett and Semmens 2012). Egg predators,
in particular, can aggregate at breeding bird colonies to exploit the seasonal 
abundance of eggs and hence, influence the reproductive output of prey species 
(Peery and Henry 2010; Massaro et al. 2013). Excessive predation from invasive 
and / or superabundant egg predators can lead to reduced population viability and 
heightened extinction risk for prey species (Peery and Henry 2010; Massaro et al.
2013).
Excessive predation has been an emergent problem over the past few decades 
especially with regard to corvids, as their populations have increased worldwide and 
as evidence mounts of their egg predatory behaviour (Marzluff et al. 2001; Lim et 
al. 2003; Peery and Henry 2010). Corvids (family Corvidae, a group of omnivorous 
birds that include crows, ravens, jays and magpies) are efficient and conspicuous 
egg predators (Schaefer 2004; Wallander et al. 2006; Gabriel and Golightly 2014; 
Rees et al. 2015a). Their intelligence and generalist diet contribute to their ability to 
thrive in many landscapes (Seed et al. 2009). Corvids have demonstrated the ability 
to learn from conspecifics and this cultural learning underpins rapid foraging 
adaptations and diet shifts (Midford et al. 2000; Sonerud et al. 2001; Holzhaider et 
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 al. 2010). They can move considerable distances to exploit spatial and temporal 
variation in food availability (Marzluff and Neatherlin 2006). Where surface-nesting 
bird species nest colonially, corvids can aggregate and prey heavily on eggs (Ewins 
1991; Kelly et al. 2005). While above-surface eggs have been commonly recorded 
as corvid prey, a few studies provide only anecdotal evidence of corvids preying on 
eggs of burrow-nesting birds (Hudson 1982; Blight et al. 1999; Swinburne and 
Jessop 2005; Hayward et al. 2015).
Phillip Island in south-eastern Australia is a significant breeding site for the little 
penguin (Eudyptula minor) (hereafter ‘penguins’ or ‘little penguins’) and short-
tailed shearwater (Ardenna tenuirostris) (hereafter ‘shearwaters’) and these seabird 
colonies are of economic importance as ecotourism attractions (Dann and Chambers 
2013). Little ravens (Corvus mellori) (hereafter ‘ravens’ or ‘little ravens’) have been 
observed preying on eggs of these burrow-nesting seabirds, especially of penguins
(Nakazawa 2004; Swinburne and Jessop 2005; K.B. Ekanayake, unpublished data, 
2015). Apparent fluctuations in raven abundance near these colonies suggested a 
possible aggregation of the egg predator to exploit seabird eggs. This prompted an 
investigation into spatial and temporal patterns in abundance of ravens which would 
indicate whether ravens congregate to exploit seabird eggs or chicks of one or more 
prey species. The breeding grounds of the penguins partially overlap with the 
breeding grounds of shearwaters as well as a surface-nesting silver gull
(Chroicocephalus novaehollandiae) (hereafter ‘gulls’) colony. Eggs of any of these 
species represent potential food sources for corvids (Ewins 1991; Kazama and 
Watanuki 2010). The egg laying periods of penguins and gulls (L. Renwick, 
unpublished data, 2015) coincide but both precede that of the shearwaters (Serventy
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 et al. 1971; Marchant and Higgins 1990; Carey 2011a; Carey 2011b). Therefore, we 
tested the alternative hypotheses that raven abundance increased with the availability 
of eggs and young chicks of penguins, shearwaters or gulls as distinguished by the 
temporal and spatial patterns of raven abundance at the site (Table 3.1).
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 Table 3.1. Four non-mutually exclusive hypotheses, and predicted outcomes to 
explain changes in little raven abundance, distribution and social behaviour (group 
size) in relation to availability of seabird nests as a food resource, on Summerland 
Peninsula, Phillip Island, south-eastern Australia.
Observation
Alternative hypotheses
Penguin eggs 
drive raven 
abundance
Shearwater 
eggs drive 
raven 
abundance
Silver gull 
eggs drive 
raven 
abundance
Raven 
nesting is 
associated 
with raven 
abundance
Raven 
abundance
High during 
penguin egg 
incubation
High during 
shearwater egg 
incubation
High during 
silver gull 
egg 
incubation
High during 
raven 
breeding 
season
Spatial 
distribution
Overlaps with 
penguin 
nesting areas
Overlaps with 
shearwater 
nesting areas
Overlaps 
with silver 
gull nesting 
areas
Corresponds 
spatially with
nesting areas
Group size Bigger during 
penguin 
incubation 
period
Bigger during 
shearwater 
incubation 
period
Bigger 
during silver 
gull 
incubation 
period
Smaller 
during raven 
breeding 
season
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 3.3 Methods
3.3.1 Data collection
3.3.1.1 Survey area and survey design
Summerland Peninsula, on the western end of Phillip Island, Victoria, south-eastern 
Australia (38o 04’S, 146o 22’E), hosts a large breeding colony of little penguins, a 
series of colonies of shearwaters, and a colony of gulls. The landscape is dominated 
by open succulent herblands that cover extensive areas from the coast inland, to 
dense tea tree Leptospermum laevigatum woodland interspersed with grassland Poa 
poiformis in the centre (Kemp and Dann 2001; Sidhu et al. 2007). Distance sampling 
was conducted along 15 parallel transect lines (total 13.7 km), systematically spaced 
200 m apart in a North - South direction to ensure even coverage of the study area 
(2.44 km2) (Fig. 3.1). Transects were spaced sufficiently apart from each other to 
avoid double counting of birds.
Transect observations were conducted between 0800 – 1600 h by the same observer 
(KE) on the 15th and 16th of each month from October 2012 to September 2013. 
This period overlapped with the latter stages of the 2012 breeding season and the 
early stages of the 2013 breeding season of penguins and gulls, and the 2012 
breeding season of shearwaters. The penguin breeding season occurred from late 
August to December with egg laying peaking during September - October and 
incubation for about a further 35 days (Marchant and Higgins 1990; Nisbet and Dann 
2009). During the study, egg laying peaked for gulls from September to mid-October 
(with incubation for about a further 24 days; Wheeler and Watson 1963, Higgins and 
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 Davies 1996), although the peak of egg laying in most years occurs in September 
(L. Renwick, unpublished data, 2015). The shearwater breeding season occurred 
from late November to January with egg laying peaking during 25 – 30 November 
and incubation for about a further 53 days (Serventy et al. 1971; Marchant and 
Higgins 1990; Carey 2011a). The peak of egg laying in shearwaters and gulls is more 
synchronised than that of penguins (Nisbet and Dann 2009), so here we report the 
proportion of penguin nests with eggs for each month as a more accurate measure of 
penguins’ peak egg laying period. The penguin and gull breeding seasons occurred 
from late August to December with incubation during September and October, and 
the shearwater breeding season from late November to February with incubation 
during December and January. The transects also captured the latter stages of the 
2012 and early stages of the 2013 raven breeding seasons which occurred from 
August to November. Transects were conducted on foot in the middle of each month, 
regardless of weather conditions.
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 Fig. 3.1. Map of the study site on Summerland Peninsula, Phillip Island, south-eastern Australia.
 
 3.3.1.2 Sightings
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time of day, position of the observer along the transect, size of group, distance from 
transect to mid-point of the group and angle from the group to the transect line, initial 
behaviour (see below), and the vegetation class in which the group was detected (see 
below), were recorded. Distances were measured using a laser Rangefinder 
(Bushnell Elite 1600TM) and the angles were measured using a compass. The 
perpendicular distances to the transect line were then calculated.
Initial behaviours of ravens were divided into four categories: (1) flying; (2) walking 
(birds walking on the ground while foraging, calling, or interacting); (3) perching 
(birds stationary, perched on an elevated location above ground while foraging, 
calling or interacting); and (4) nesting (birds involved in nesting behaviours such as 
courtship, nest-building, incubating or chick-rearing). Vegetation was divided into 
three broad classes: (1) grassland (open landscape with excellent visibility 
dominated by herbs and grass); (2) patchy woodland (sparse landscape with 
moderate visibility dominated by grass interspersed with woody vegetation); and (3) 
dense woodland (dense landscape with low visibility dominated by woody 
vegetation).
3.3.1.3 Potential prey and habitat data
To investigate the influence of potential prey resources (seabird eggs) and habitat 
variables on raven abundance, data on proximity to seabird nests and habitat features 
were collated throughout the study area. ArcMap 10.1 was used to extract minimum 
distances to roads, freshwater sources, and nests (of penguin, shearwater, gull, and 
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 raven) for each sighting of ravens. The proportion of nests with penguin eggs was 
calculated based on nest monitoring records (Sutherland and Dann 2014). The egg 
laying period of shearwaters and gulls was inferred from previous studies (Serventy
et al. 1971; Marchant and Higgins 1990; Carey 2011a) and from records of 
systematic transect surveys, respectively (L. Renwick, unpublished data, 2015). The 
different habitats traversed by transects in the peninsula were categorised (Oates and 
Frood 2011) based on the Ecological Vegetation Classes (EVC) layer (defined in 
Department of Environment Land Water and Planning 2005) (Oates and Frood
2011). Surveys were also conducted to monitor raven nests and breeding activity 
throughout the period that transects were conducted.
3.3.2 Data analysis
3.3.2.1 Data organisation
The study area was divided into 3040 grid cells (50 x 50 m). The sampling transects 
overlapped many of these grid cells. The sections of the sampling transects that 
overlapped grid cells were termed ‘segments’ and they were given the values of 
covariates for each corresponding grid cell. It was assumed that there would be little 
variability in potential prey and habitat features within each cell.
3.3.2.2 Spatial modelling of raven densities
Model-based density estimation involved five steps: (1) the best supported detection 
function was determined from the distance data and habitat covariates that could 
affect detection probability (see below); (2) the number of groups of birds in each 
segment was estimated through the Horvitz-Thompson estimator (Horvitz and 
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 Thompson 1952; Borchers et al. 1998); (3) the estimated number of groups of birds 
in each segment was then modelled using Generalised Additive Models (GAM) as 
a function of potential prey and habitat covariates (see above); (4) the sizes of groups 
were modelled as a function of detection probabilities and of potential prey and 
habitat covariates; and (5) the number of ravens was estimated from the product of 
steps (3) and (4) and extrapolated to all the grid cells in the study area by predicting 
from the model to obtain the final density estimates of birds in each of the 3040 grid 
cells. The final density estimates of all grid cells were then added together to obtain 
the total raven abundance for each month. The method of fitting separate models for 
number of groups and group sizes (steps (3) and (4) respectively) was based on the 
two-step method described by Cañadas and Hammond (2006).
3.3.2.3 Estimation of detection function
All sightings were used to estimate the detection function, using the multiple 
covariate distance sampling (MCDS) method in DISTANCE 6.0 release 2 (Thomas
et al. 2010). Categorical variables included were: vegetation class with three levels 
(grass/patchy/woodland) and month with 12 levels. The continuous variable 
included was group size. These variables were assumed to be most influential in the 
detectability of ravens and thus were considered for inclusion in estimating the 
detection function. The detection function distributions considered were half normal 
and hazard rate, with series expansions of simple polynomials (four adjustment 
terms), cosine (two adjustment terms), and hermite polynomials (four adjustment 
terms). The selection of the best detection function was based on Akaike’s 
Information Criterion (AIC).
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 3.3.2.4 Estimation of number of groups per segment
The estimated number of groups of ravens in each segment instead of the actual 
counts of ravens, was used as the response variable in spatial models, modelling the 
number of groups of ravens (Hedley et al. 1999). They were estimated through the 
Horvitz-Thompson estimator (Horvitz and Thompson 1952), where the probability 
of detection was obtained from the detection function fitted to the data (Cañadas and 
Hammond 2006).
3.3.2.5 Modelling number of groups and group size
The number of raven groups and group size may be influenced by the proximity to 
natural (e.g. bird eggs) and anthropogenic (e.g. road kills) sources of food (Guinard
et al. 2012; Rees et al. 2015a). Corvids also make seasonal movements (Marzluff 
and Neatherlin 2006) and exhibit habitat preferences (Bui et al. 2010). Thus, for both 
number of groups and group size models, the potential explanatory variables used 
were additive combinations of: distance to the closest fresh water source, distance 
to the closest road, minimum distances to penguin, shearwater, gull and raven nests, 
proportion of penguin nests with eggs for each month, EVC (classification of habitat 
type in a given grid cell), and the continuous variable of month. To detect a change 
in the spatial distribution of the number of raven groups and group size across the 
year, interaction terms between month and minimum distances to penguin, 
shearwater, gull, and raven nests were also included in the models.
The number of groups was modelled using a GAM with a maximum of three knots 
and a logarithmic link function. A Poisson error distribution was not considered 
appropriate for the response variable due to over-dispersion in the data. Therefore, a 
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 negative binomial distribution was used with the variance proportional to the mean. 
Models were fitted in R (version 3.0.3) (http://cran.r-project.org) using package 
mgcv version 1.7-28 (Wood 2001). Manual selection of the models was undertaken 
using two indicators: (a) the AIC score in which smoothing parameters (in terms of 
number of knots and degrees of freedom) (Wood 2000) are chosen by cross 
validation to minimise the AIC score for the model, unless the parameters are 
directly specified; and (b) the percentage of deviance explained. The decision to drop 
each term from the model was adopted following criteria proposed by Wood (2001).
The term was dropped if all the following criteria were met: (a) if the estimated 
degrees of freedom for the term was close to one; (b) if the plotted confidence band 
for the term included zeroes everywhere; and (c) if the cross validation score 
dropped when the term was dropped. In all models, a visual inspection of the 
residuals was made to assess homogeneity of variance, normality of residuals and 
independence.
Group size was also modelled using a GAM with a maximum of three knots and a 
logarithmic link function. In this case, the response variable was the number of 
individuals counted in each group and, as the data were over-dispersed, a negative 
binomial error distribution was used with the variance proportional to the mean. In 
this case, the detection probability was included as a linear predictor to avoid the 
bias introduced by the selective detection of larger groups at larger distances or by 
other covariates affecting the detection of the groups (Cañadas and Hammond 2006).
Manual selection of the models was done following the same criteria proposed by 
Wood (2001) to describe the number of groups.
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 3.3.2.6 Estimates of density
Predictions of the number of groups and of group size were produced over all the 
grid cells of the study area based on the covariates in the most supported models and 
their corresponding value in each grid cell. The estimated density of ravens for each 
grid cell was calculated as the product of its predicted number of groups and its 
predicted group size. The final point estimate of abundance was obtained by 
summing the density estimates of all grid cells over the study area.
3.3.2.7 Estimation of variance
Two hundred non-parametric bootstrap resamples of the whole process were 
generated, using transect as the resampling unit, to obtain the coefficient of variation 
(CV) and 95% confidence intervals (CI). The degree of smoothing of each model 
term was chosen by mgcv. The final CV for each model subset was calculated using 
the delta method (Seber 1982), combining the CV of the detection function with the 
CV of the models from the bootstrap.
3.4 Results
3.4.1 Effort and sightings
Transect counts were conducted on 24 days (2 days per month) between October 
2012 and September 2013 (totalling 164.4 km, Fig. 3.1) and resulted in 343 sightings 
of raven groups (933 individuals). The highest number of groups was sighted during 
October and fewest in February (Fig. 3.2). A temporal pattern in the number of 
ravens detected is evident, with the number increasing from March to a maximum 
in October and then decreasing to a minimum in February (Fig. 3.2). Approximately 
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 56% (n = 520) of all raven sightings occurred during August to November, 
coinciding with when most penguins, gulls, and ravens were incubating eggs.
3.4.2 Detection function
Thirty-six models were fitted and the best-fitting model was a half-normal key 
function with simple polynomials series expansion and no adjustment terms. Two 
covariates were included in the best supported model: vegetation class (grass / 
patchy / woodland) and group size. Month had little effect on the detection function 
and was not supported in the best models; consequently, the same detection function 
was applied in all months.
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 Fig. 3.2. Number of groups of little ravens (dashed line), and the total number of 
little ravens (solid line) sighted during line transects with the proportion of little 
penguin nests with eggs (histogram) in each month of the calendar year, on 
Summerland Peninsula, Phillip Island, south-eastern Australia.
3.4.3 Number of groups and group size
The best-fitting models for both the number of groups and group size included 
explanatory variables of distance to the closest raven nest, distance to the closest 
penguin nest, proportion of penguin nests with eggs, the month during which 
transects were conducted, and the habitat (EVC) in which the birds were detected 
(Table 3.2). In addition, the explanatory variable of distance to the closest road was 
included in the model for number of groups. The best models that included an 
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 interaction term (month*minimum distance to penguin nests) for both the number 
of groups and group size models had ¨ AIC values > 5 and > 2 compared with the 
respective best-fitting models.
3.4.4 Spatial and temporal changes in estimated abundance
Ravens were most abundant in October when the penguin colony had the highest 
proportion of nests with eggs (Table 3.3; Fig. 3.3). This highest raven abundance 
also coincided with the egg laying period of gulls but not with that of shearwaters. 
Ravens were least abundant in February during the non-breeding season of penguins 
(Table 3.3; Fig. 3.4), shearwaters and gulls. A clear temporal increase in raven 
densities was evident (Appendix A), which coincided with the penguin and gull 
breeding seasons but not with the shearwater breeding season (Fig. 3.5). The 
increase in densities occurred in areas where penguins were breeding but not where 
gulls were breeding (Fig. 3.3).
The temporal increase in raven densities also coincided with raven breeding (Fig. 
3.5). In both years of monitoring, 11 active raven nests were found in the study site. 
All 11 nests had nestlings (1.71 ± 0.23 nestlings per nest; 1 - 3 nestlings) in October 
2012 during the 2012 breeding season and by late August 2013, the same 11 nests 
were active for the 2013 breeding season where all of them had eggs (3.22 ± 0.12 
eggs per nest; 2 - 4 eggs). The increase in densities of ravens in areas overlapping 
the nesting locations of ravens was evident; however, a change in the spatial 
distribution of ravens was not detected across the year (Appendix A).
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 Table 3.2. Model summary table for estimating the number of groups of little ravens (number of groups) and for the number of little ravens per 
group (group size) on Summerland Peninsula, Phillip Island, south-eastern Australia. Variables retained in the best-fitting model and models with 
AIC weight > 0.05 (estimated degrees of freedom in parentheses: 1 means a linear relationship) along with their percentage of deviance explained 
are shown. The models are presented in the order of their ¨ AIC values.
Model Variablesg (df) AIC ¨ AIC AIC 
Weight
Deviance 
explained (%)
Number of 
groups
Dist_RvnNests (1.00) + Prop_Nests (1.00) + Dist_Roads (1.74) + 
Dist_LPNests (1.86) + Month (2.99) + EVC
3877.93 0.00 0.53 9.01
Dist_RvnNests (1.00) + Prop_Nests (1.00) + Dist_Roads (1.73) + 
Dist_LPNests (1.86) + Month (2.99) + EVC + Dist_SwNests (1.00)
3879.79 1.86 0.20 9.01
g The variables are abbreviated as follows: Dist_LPNests = distance to the closest little penguin nest, Dist_RvnNests = distance to the closest 
little raven nest, Dist_Roads = distance to the closest road, Dist_SwNests = distance to the closest short-tailed shearwater nest, Prop_Nests = 
proportion of little penguin nests with eggs, Month = month during which the transects were conducted, EVC = ecological vegetation class 
(classification of habitat) as a categorical variable. 
 
                                                          
 Dist_RvnNests (1.00) + Prop_Nests (1.00) + Dist_LPNests (1.95) + 
Month (2.99) + EVC
3880.40 2.47 0.16 8.79
Dist_RvnNests (1.00) + Dist_Roads (1.73) + Dist_LPNests (1.87) + 
Month (3.61) + EVC + Dist_SwNests (1.00)
3881.11 3.18 0.10 8.93
Dist_RvnNests (1.00) + Dist_LPNests (1.96) + Month (3.60) + EVC 3881.54 3.61 0.08 8.72
Group size Prop_Nests (1.83) + Dist_RvnNests (1.00) + Dist_LPNests (1.00) + 
Month (2.32) + EVC
1389.58 0.00 0.49 14.70
Dist_RvnNests (1.00) + Dist_LPNests (1.00) + Month (2.41) + EVC 1390.00 0.42 0.32 13.50
Prop_Nests (1.79) + Dist_RvnNests (1.00) + Month (2.33) + EVC 1390.25 0.67 0.20 13.90
Dist_RvnNests (1.00) + Month (2.43) + EVC 1390.28 0.70 0.18 12.80
Prop_Nests (1.81) + Dist_RvnNests (1.00) + Dist_Roads (1.00) + 
Month (2.33) + EVC
1390.39 0.81 0.09 14.50
 
 Table 3.3. Point estimates of little raven abundance, mean abundance after 
bootstrap, 95% confidence intervals (CI), and coefficient of variation (CV) after 200 
bootstrap resamples of a model to describe changes in abundance on Summerland 
Peninsula, Phillip Island, south-eastern Australia.
Month Proportion of 
penguin nests 
with eggs (%)
Estimated 
abundance
Mean 
abundance 
after 
bootstrap
95% CI 
after 
bootstrap
CV after 
bootstrap
January 6.25 134 128 98-158 0.15
February 0.00 100 95 73-117 0.07
March 0.00 102 105 81-129 0.08
April 0.00 111 112 87-137 0.10
May 0.00 127 125 98-152 0.12
June 0.00 145 140 112-168 0.14
July 0.00 157 160 127-193 0.15
August 10.45 248 245 209-281 0.22
September 78.18 240 242 203-281 0.21
October 93.75 408 410 366-454 0.28
November 46.88 305 304 263-345 0.23
December 14.38 201 198 163-233 0.19
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 Fig. 3.3. Surface map of little raven density (per grid cell i.e. 2500 m2) at the upper bounds of 95% confidence interval in October during which 
the highest proportion of little penguin nests with eggs was recorded, on Summerland Peninsula, Phillip Island, south-eastern Australia.
 
 Fig. 3.4. Surface map of little raven density (per grid cell i.e. 2500 m2) at the upper bounds of 95% confidence interval in February during the non-
breeding season of little penguins, on Summerland Peninsula, Phillip Island, south-eastern Australia.
 
 Fig. 3.5. The estimated little raven abundance for each month with the little penguin, 
silver gull (Chroicocephalus novaehollandiae), short-tailed shearwater (Ardenna 
tenuirostris), and little raven breeding seasons, on Summerland Peninsula, Phillip 
Island, south-eastern Australia.
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 3.5 Discussion
3.5.1 Distribution and abundance
Numerous factors influence the spatial and temporal occurrence of predators 
(Barnett and Semmens 2012; Massaro et al. 2013). This study cannot 
unambiguously determine the drivers of raven occurrence in space and time, but our 
models imply that penguin breeding appears to be an important influence on raven 
occurrence. The spatial distribution of raven density corresponded with the little 
penguin colony but not with that of shearwater or gull colonies. The presence of little 
penguin eggs in burrows correlated strongly with little raven activity (but not with 
that of shearwaters), and at no time of year were ravens abundant near the gull 
colony. Taken together, the results imply that little ravens may have learnt to exploit 
the plentiful sub-surface food resource of penguin eggs (Table 3.1). The same does 
not apply in relation to the eggs of shearwaters or gulls.
The spatial overlap and temporal pattern of raven density were consistent with 
ravens responding to a resource pulse in their environment. Resource pulses occur 
in the form of a temporary abundance of food in an ecosystem (Yang et al. 2008; 
Greenville et al. 2014). Where they occur, pulses can be either predictable (e.g. 
seasonal aggregations of fish into an area for spawning) (Graham et al. 2006) or 
unpredictable (e.g. rapid plant growth due to unprecedented rainfall) (Lodge et al.
1994; Greenville et al. 2013). In our study, the synchronised nature of penguin egg-
laying meant that eggs represented a seasonally predictable food pulse possibly 
driving the temporal increase and spatial overlap of ravens.
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 Large spatial and temporal aggregations of predators taking advantage of seasonal 
food pulses have been reported elsewhere (Graham et al. 2006; Tremblay et al. 2011; 
Barnett and Semmens 2012; Peirce et al. 2013). Corvids are notorious for their 
ability to exploit food pulses (e.g. seasonal berries, worms in ploughed fields, 
rubbish tips, etc.) (Higgins et al. 2006; Seed et al. 2009; Oravcova et al. 2014);
however, this is the first study to systematically document large seasonal 
aggregations of corvids to areas of colonial-nesting seabirds which may experience 
intense egg predation. Although there are numerous anecdotal reports of intense egg 
predation by corvids at nesting seabird colonies (Ewins 1991), none of them examine 
the possibility of corvids aggregating near or in the colony during the breeding 
season to exploit eggs.
The temporal co-incidence of penguin egg availability and raven breeding also 
overlapped spatially with raven and penguin nesting locations. Most raven nests 
(territories) were located near the coast, overlapping with penguin breeding grounds, 
although some were located at the centre of the peninsula. Apart from the high raven 
density areas along the coastal belt, the only other high density areas were located at 
the centre of the peninsula. Corvids, like many other birds, are territorial and pairs 
or family groups can defend their territories within which they build their nests 
(Stien et al. 2010). They are central-place foragers when breeding, and parental care 
is centred around the nest (Higgins et al. 2006). While the raven breeding season 
generally extends from August to November, it seems likely that in this study site, 
the timing of raven breeding might be influenced by the availability of penguin eggs 
as an abundant food resource. It is also possible that the ravens establish their 
breeding territories close to penguin nests. Thus, it appears plausible that ravens 
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 exploit breeding penguins and utilise the penguin egg resource during their breeding 
season.
Anthropogenic infrastructure also appeared to influence raven occurrence in the 
study site. Roads can usually be associated with food because of the occurrence of 
road-killed wildlife and litter (Guinard et al. 2012), and may also be used as 
navigational aids (Forman and Alexander 1998; Bui et al. 2010). Corvids, including 
little raven, are renowned scavengers and are often sighted with carcasses, litter, 
garbage bins, etc., on roads and roadsides (Higgins et al. 2006; Santos et al. 2011; 
Huijbers et al. 2013). Road-killed wildlife is commonly found in and around the 
study site and ravens have been observed scavenging on numerous occasions 
(Swinburne and Jessop 2005).
The temporal pattern in raven abundance also coincided with the gull breeding 
season. However, the spatial distribution of ravens show a distinct patch of low 
density in the area where gulls breed, even though the entire gull breeding area is 
only a small part of the area bounded by the penguin colony. The cause of the 
apparent low density around the gull colony is unknown. Gull eggs are a potential 
food resource for ravens, but gulls fiercely defend their nests (Kazama and Watanuki 
2010) and may perhaps effectively exclude ravens or make attempts to eat gull eggs 
unprofitable. Although both gulls and penguins nest colonially, nest defence among 
gulls is cooperative (Kazama and Watanuki 2010) whereas penguins defend 
individually (Miyazaki and Waas 2003). Gulls were observed during the study 
mobbing ravens approaching the colony. The variable ‘distance to the closest silver 
gull nest’ however, did not feature in the best-fitting model as the effect of the gull 
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 colony may have been negligible on the raven abundance across the whole 
peninsula, particularly away from their breeding area on the western tip of the 
peninsula (Fig. 3.1).
The temporal pattern in raven abundance did not coincide with the shearwater 
breeding season, further suggesting that the primary predatory attention of ravens is 
penguin rather than shearwater eggs. It is possible that ravens may prefer penguin 
eggs over shearwater eggs for a number of reasons. Both species lay eggs in burrows; 
however, penguin eggs are smaller in size (55 g), laid in clutches of two, and are 
easier to reach (Kemp and Dann 2001). Shearwater eggs are larger (85 g), laid in 
clutches of one, and are laid in relatively long, often curved, burrows (Carey 2011a; 
Carey 2011b) that are more difficult to access and visually obscure the egg. 
Furthermore, the timing of the raven breeding season aligns well with penguin egg 
availability (in late September and October) with the incubating adult and nestlings 
requiring an abundant food supply from September to November.
3.5.2 Implications for conservation and future research
The penguin colony that inhabits the study site is one of the largest colonies of little 
penguins in Australia and is of conservation significance as well as of economic 
importance as an attraction for ecotourism (Dann and Chambers 2013; Sutherland 
and Dann 2014). Historically, 10 penguin colonies were present around Phillip 
Island, and due to predation from introduced carnivores (dogs Canis familiaris and 
red foxes Vulpes vulpes) and habitat loss associated with urbanization and 
agriculture, all of the colonies had disappeared by the 1980s except for the colony 
in the study area (Sutherland and Dann 2014). Our study describes the aggregation 
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 of a native egg predator, the little raven, at this penguin colony during the penguin 
breeding season. The large temporal increase and spatial overlap in abundance 
suggest that ravens may exploit the penguin eggs in great numbers. Therefore, a 
critical research need exists, to systematically study any raven predation of penguin 
eggs and also to determine the impact of egg predation on the breeding productivity 
of this population. Future research on effective mitigation measures may be required 
to identify means of reducing the impact of raven predation on this penguin colony. 
The capacity for cultural learning by corvids (Holzhaider et al. 2010) and its possible 
widespread dispersal (Marzluff et al. 2001) may mean the habit of preying on 
penguin eggs could spread throughout this raven population and to ravens near other 
penguin colonies, potentially threatening their viability.
3.6 Appendix A
Raven density maps for each month of the year starting from February (start of little 
penguin non-breeding season) showing a clear temporal increase in raven abundance 
coinciding with the penguin breeding season and ravens aggregating at the penguin 
breeding grounds on the Summerland Peninsula at Phillip Island.
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 Chapter 4
Impact of egg predatory behaviour of little ravens on ground-
nesting red-capped plovers
*Ekanayake, K. B., Whisson, D. A., Tan, L. X. L. and Weston, M. A. (2015, in 
press). Intense predation of non-colonial, ground-nesting bird eggs by corvid and 
mammalian predators. Wildlife Research. doi: 10.1071/WR15080.
*The content of this chapter is identical to the published version and has been 
presented to be consistent in style with the remaining thesis.
A Little Raven preying on Red-capped Plover eggs in Victoria, Australia
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 4.1 Abstract
Context.
Loss of eggs to predators is a major cause of reproductive failure among birds. It is 
especially pronounced among ground-nesting birds because their eggs are accessible 
to a wide range of predators. Few studies document the main causes of clutch fate 
of ground-nesting birds.
Aims.
The main objective of this study was to identify the major egg predator of red-capped 
plovers (Charadrius ruficapillus). We also investigated the effectiveness of two 
primary strategies available to the plovers to avoid egg predation: 1) the placement 
of clutches under vegetative cover and 2) avoiding predators by nesting outside the 
peak season of predator occurrence.
Methods.
Remote-sensing cameras were deployed on plover nests to identify egg predators 
and nests were monitored over four breeding seasons to document reproductive 
success and fate. An experiment using false clutches with model eggs investigated 
the influence of nest cover on the risk of egg predation throughout the year. Line 
transect surveys were conducted to estimate the abundance of egg predators in and 
around the wetlands.
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 Key results.
The little raven (Corvus mellori) was the major egg predator identified in 78.6% of 
red-capped plover clutches and in 92.4% of false clutches that were camera-
monitored. The hatching success of plover eggs was not influenced by nest cover (P
= 0.36) but model egg survival in false clutches improved significantly with the 
presence of nest cover (P = 0.02). The abundance of little ravens increased during 
the plover breeding season and was highly negatively correlated with false clutch 
survival (rpearson = -0.768, P = 0.005).
Conclusions.
Little ravens were the major predator of red-capped plover eggs and their abundance 
increased significantly during the plover breeding season. Any influence of nest 
cover on hatching success of eggs may have been masked by the extremely high rate 
of egg loss associated with the increased little raven abundance during the plover 
breeding season.
Implications.
The high rate of egg predation is likely to have negative consequences on the local 
red-capped plover population suggesting management is warranted. Little raven 
populations have expanded and thus, their impact as egg predators needs to be 
investigated especially on threatened species.
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 4.2 Introduction
Predation of eggs is a major cause of reproductive failure among birds (Ricklefs 
1969). Extensive depredation of eggs of some species, has been identified as a key 
threatening process contributing to a heightened extinction risk (Peery and Henry 
2010; Massaro et al. 2013). Predation of eggs also influences reproductive strategies 
of breeding birds, and risk of depredation is dependent upon factors such as nest 
defence, diversity and abundance of egg predators, and the types of cues predators 
use to find nests and eggs (Caswell Stoddard et al. 2011; Krama et al. 2012; 
Schneider and Griesser 2013). Nest placement and concealment are also critical 
determinants of risk of egg depredation; for example, burrows potentially conceal 
eggs and enable more effective nest defence against surface-dwelling predators 
(Sherley et al. 2012; Bourgeois et al. 2014).
Different types of egg predators exist worldwide, using different cues to find nests 
and eggs (Ekanayake et al. 2015). Mammalian egg predators such as foxes, raccoons 
and rodents use both olfactory and visual cues and forage both diurnally and 
nocturnally (Matsui and Takagi 2012; Price and Banks 2012). Avian egg predators 
such as gulls and corvids predominantly use visual cues and forage only during 
daytime (Santisteban et al. 2002; Eggers et al. 2005; Ekanayake et al. 2015). Most 
studies that investigate egg predators provide evidence of a suite of different types 
of egg predators operating concurrently within habitats, sometimes causing 
extensive losses to breeding birds (Conkling et al. 2012; Latif et al. 2012). These 
suites of different types of egg predators differ between habitats and therefore, the 
associated risk of egg depredation varies between habitats (Söderström et al. 1998; 
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 Sánchez-Oliver et al. 2014). The risk of egg depredation also varies between 
different types of nests built by breeding bird species (Söderström et al. 1998; 
Barbaree et al. 2014).
Most tree-nesting species benefit from vegetative cover which provides the nests 
and eggs with some concealment from visually foraging predators (Matsui and 
Takagi 2012; Segura et al. 2012; Schneider and Griesser 2013). The associated risk 
of egg depredation is influenced by the conspicuousness of the incubating adult and 
also by the presence of egg predators with the ability to climb (Fontaine and Martin 
2006; Matsui and Takagi 2012). The risk of egg depredation is reduced in cavity or 
burrow-nesting species because they benefit from additional physical protection and 
visual concealment from egg predators, and because incubating in burrows/cavities 
permits easier defence of eggs 6WRNHV DQG %RHUVPD  :HVRáRZVNL .
Conversely, ground-nesting species are susceptible to high egg depredation rates 
because their nests and eggs are easily accessible, the incubating adult may be 
relatively conspicuous, and also because they are exposed to many types of egg 
predators (McKinnon and Bêty 2009; Fletcher et al. 2010; Smith et al. 2012; 
Ekanayake et al. 2015). Identification of egg predators constitutes the first step of 
managing the impact of egg predation on the reproductive output of affected 
breeding bird species. However, few studies exist which document the fate of 
ground-nesting bird eggs, especially in Australia (for an exception, see Cardilini et 
al. 2013).
Our study was predicated on observations of high rates of egg loss of a common 
ground-nesting shorebird species, the red-capped plover (Charadrius ruficapillus)
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 in a wetland in south-central Victoria, Australia (Ekanayake et al. 2015). The 
wetland was inhabited by populations of the introduced European red fox (Vulpes 
vulpes) and the native little raven (Corvus mellori), both of which have been reported 
preying on bird eggs in previous studies (Weston et al. 2009a; Lomas et al. 2014).
The main objective of this study was to identify the major predator of red-capped 
plover eggs. We also investigated the effectiveness of two primary strategies 
available to the plovers to avoid egg predation: 1) the placement of clutches under 
vegetative cover; and, 2) avoiding predators by nesting outside their peak season of 
occurrence.
4.3 Methods
This study was conducted at and around two sub-coastal wetlands west of 
0HOERXUQH9LFWRULD$XVWUDOLDQDPHO\&KHHWKDP:HWODQGVƍƎ6ƍ
Ǝ(KD)LJ4.DQGDGMDFHQW7UXJDQLQD6ZDPSƍƎ6ƍƎ
E; 148 ha; Fig. 4.1). Both sites host a sizeable natural population of breeding red-
capped plovers (minimum count exceeds 200 birds; Tan et al. 2015) as well as 
populations of little ravens, European red foxes and a variety of other potential egg 
predators (e.g. raptors, rodents and reptiles) (Antos et al. 2007; Ekanayake et al.
2015). The red-capped plover is a small (140 - 160 mm in length), endemic shorebird 
that lays 1 - 2 eggs per clutch, July - March, in a simple depression in the substrate 
along beaches and wetlands (Marchant and Higgins 1993). In the study area, red-
capped plovers nest on the dry shores and ponds, and amongst low coastal saltmarsh 
vegetation dominated by native plant species such as shrubby glasswort (Tecticornia 
arbuscula). They often lay multiple clutches within a breeding season providing a 
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 substantial food resource for egg predators. Red-capped plovers and little ravens 
frequently move between Truganina Swamp and Cheetham Wetlands (unpublished 
data) thus data were pooled for analysis. Colour banding of red-capped plover adults 
attending nests had occurred over past breeding seasons and permitted the 
identification of individual birds (Ekanayake et al. 2015).
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 Fig. 4.1. Map of the study area in west of Melbourne, Victoria, Australia.
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 4.3.1 Identifying egg predators
The study area was intensively systematically searched by foot for nests, between 
July 2009 and April 2010. Once nests were found and geolocated, the eggs were 
aged using the flotation method to estimate the hatching date to within four days of 
the true hatching date (see Liebezeit et al. 2007). Nest cover (vegetation cover over 
the nest) was measured using a 105 mm diameter circle made to encompass the size 
of most nests (mean ± SE’s throughout: diameter, 74.0 ± 0.6 mm, 50 – 140 mm; 
depth, 11.1 ± 0.3 mm, 1 – 49 mm; n = 468 nests). The circle was marked with 12 x 
12 mm grid squares, and it was laid over the nest and observed directly from above 
to count the number of grid squares covered / not covered by vegetation. The 
percentage of visible grids was calculated and each nest was allocated a cover type 
µFRYHUHG¶RUµRSHQ¶$µFRYHUHG¶QHVWZDVGHILQHGDVKDYLQJ 10% of the grids 
covered (after Lomas et al. 2014). To ascertain whether hatching occurred, daily 
checks were conducted close to the hatching date as estimated by the flotation 
method.
Fourteen nests were selected that were at least 200 m apart to be monitored by 
remote-sensing day/night Scoutguard™ cameras (5MP ultra compact digital 
scouting/trail camera, DTC-530 V, HCO outdoor products, www.hcooutdoors.com) 
to identify egg predators. They were stationed 2 - 3 m away from the nest and were 
encased in camouflaged plastic containers mounted on a short stake about 200 mm 
above the ground to maximise concealment from predators. The cameras were 
operated continuously through day and night and were set to high sensitivity and 
configured to capture three images at three second intervals, with the interval 
between triggers and inactive period set to zero seconds. Remote-sensing cameras 
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 were also used to monitor 66 experimental false clutches through day and night (two 
model eggs per clutch and each clutch at least 200 m apart) to further index egg 
predators and predation, between September and November 2009. The false clutches 
consisted of a small scrape with two European quail (Coturnix coturnix) eggs which 
are similar in colour, shape, and dimensions, and were placed both under vegetation 
(100% cover) and out in the open to mimic red-capped plover nests (Lomas et al.
2014). We ensured that cameras were well camouflaged and hidden amongst 
vegetation well away from the location of the nest to avoid predator attraction or 
avoidance. Extreme care was taken to ensure that we were not followed by predators, 
and cameras or false clutches were never deployed when predators were present in 
the general vicinity. Images were examined to identify egg predators and to 
determine the interval between camera deployment and predation (henceforth ‘time 
to predation’).
4.3.2 Nest cover and egg depredation
Data on red-capped plover egg hatching success from four breeding seasons (2008 -
09, 2009 - 10, 2010 - 11 and 2011 – 12) were collated and the influence of presence 
(‘covered’) or absence (‘open’) of cover on the fate of eggs was examined. Other 
factors which influence hatching success of ground-nesting bird eggs, such as age 
of nest at discovery (using the flotation method), time of breeding season at which 
the nest was located (number of days since 1st of July), and the respective breeding 
season were also examined (see Cardilini et al. 2013).
We conducted a second experiment to examine the influence of cover and time of 
the breeding season on egg survival. Forty ‘covered’ and 40 ‘open’ false clutches 
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 with model eggs were deployed once every month from March 2012 to February 
2013 with each clutch at least 200 m away from previously used locations. Concerns 
over raven attraction to cameras precluded their use for this experiment as well as
ongoing use on real nests (see Results) and thus, false clutches in this experiment 
were monitored via direct observations. Direct observations involved examining 
whether the eggs of false clutches were intact or missing from a distance of at least 
50 m with the aid of a pair of binoculars or a spotting scope. False clutches were in 
place for 30 days to resemble the incubation period of red-capped plovers. They 
were checked every 10 days to determine the fate (predated or survived; no clutches 
were flooded). As we could not collect sufficient data to identify types of predators 
and respective predation rates, fate of clutches was coded as ‘survived’ when eggs 
were still intact after 30 days, or as ‘predated’ when either eggs had been lost or 
predation of eggs was sighted, regardless of the type of predator. Clutches which 
survived 30 days were removed. Only one deployment of false clutches was 
conducted for both April and May due to flooding of the wetlands in April 
preventing access to the wetlands and consequently the deployment spanned April 
and May.
4.3.3 Abundance of little ravens in space and time
Abundance of little ravens in the study sites and surrounding areas was investigated 
because they were identified as major egg predators of red-capped plovers (see 
Results). Little ravens are a highly mobile nomadic species that move between 
habitats (unpublished data), thus to obtain an index of abundance of the local 
population, we sampled all known habitats adjacent to the wetlands. Little raven 
numbers were monitored via 18 x 200 m long line transects in three different habitat 
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 types (six within the wetlands, six in the adjoining grasslands, and six in the 
surrounding urban areas; Fig. 1). Transect surveys were conducted from a slowly 
moving car and each took 15 minutes to complete. Every little raven seen was 
recorded, its distance perpendicular to the road determined using a laser rangefinder 
(Bushnell Elite 1600TM) and a compass, and its behaviour noted. Transects were 
conducted approximately twice a month from March 2012 to February 2013.
4.3.4 Statistical analysis
Analyses including model selection, t-WHVWVDQGFRQWLQJHQF\WDEOHȤ2) analyses were 
performed in R (version 3.1.2; http://cran.r-project.org) using ‘lm’, ‘glm’, and 
‘glmmPQL’ within the base packages and package MASS. All graphs except for 
Figure 2, are presented with raw untransformed data to enhance readability and do 
not imply normality of data. Summary statistics are presented as means ± one 
standard error (unless otherwise stated) and model statistics include coefficients (C), 
standard errors (SE), z-value and/or t and P values. The analysis of time to predation 
of model eggs by little ravens (minutes; log transformed to achieve normality) was 
analysed against the order of deployment of the false clutch.
A model selection approach investigated the influence of nest cover on the hatching 
success of red-capped plover eggs. The nest fate (hatched / failed) was assessed 
against a number of predictor variables including nest cover, age of nest at discovery, 
time of breeding season at which the nest was located, and the respective breeding 
season. Model selection incorporating model uncertainty and relying on full 
likelihood such as information theoretic approaches (e.g., Burnham and Anderson 
2002), cannot be implemented when employing penalised quasi-likelihood methods
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 (Zuur et al. 2009). Therefore, ‘backward stepwise regression’ (BSR) was used to 
select the best (most parsimonious) model. In this approach, a model including all 
variables is built as the first step and then variables with a t statistic < 2 are removed 
iteratively until only ‘important’ variables (i.e., t statistic > 2) remain in the optimal 
model (following Zuur et al. 2009). Some marked females nested on multiple 
occasions across a breeding season as well as across years, resulting in non-
independence of data due to individual-level correlation structures (Zuur et al.
2009). This violation of independence was accounted for by using ‘generalised 
linear mixed models’ (GLMMs) in the model selection approach and by including 
female identity as a random term (all other factors were fixed).
The transect count data of little ravens were analysed using software DISTANCE 
6.0 release 2 (Thomas et al. 2010). As the transects were conducted in three different 
habitats with varying detectability, a detection function for each of the habitats was 
estimated by pooling sightings from all months for the three different habitats. The 
detection functions considered were of key functions (uniform, half normal and 
hazard rate), and of series expansions of simple polynomials (four adjustment 
terms), cosine (two adjustment terms), and hermite polynomials (four adjustment 
terms). The selection of the best detection function was based on Akaike’s 
Information Criterion (AIC). The best detection function was then used to calculate 
the relative densities and abundances of little ravens in the three habitats in each of 
the months of the calendar year. The abundances were then correlated with the fate 
of false clutches in the ‘covered’ / ‘open’ false clutch experiment.
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 4.4 Results
Eggs of 78.6% of red-capped plover nests (n = 14) and of 92.4% of false clutches (n 
= 66) that were camera-monitored were preyed upon by little ravens (Fig. 4.2). The 
remaining eggs of 21.4% of red-capped plover nests and of 7.6% of false clutches 
that were camera-monitored were preyed upon by European red foxes. The time to 
predation of eggs by little ravens did not differ significantly between ‘covered’ and 
‘open’ red-capped plover nests (independent t-test, t = 1.11, df = 3.33, P = 0.34; 
covered, 59.58 ± 15.85 hours; open, 136.44 ± 67.46 hours). Similarly, the time to 
predation of model eggs by little ravens did not differ significantly between 
‘covered’ and ‘open’ false clutches (independent t-test, t = 0.10, df = 42.17, P = 0.92; 
covered, 18.19 ± 8.95 hours; open, 19.41 ± 7.73 hours). The interval between 
deployment and predation of model eggs by little ravens decreased with the order of 
deployment of false clutches (F1, 64 = 47.30, P < 0.001, R2 = 0.416; log10 (time to 
predation [minutes]) = -0.033 * nest (deployment order) + 3.801, Fig. 4.3).
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 Fig. 4.2. Camera images of little ravens preying on red-capped plover eggs from a 
‘covered’ nest (a) and from an ‘open’ nest (b).
Fig. 4.3. The time to predation (minutes after deployment; log transformed) by little 
ravens of model eggs in false clutches monitored by cameras, against the order of 
false clutch deployment.
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 4.4.1 Influence of nest cover on risk of egg predation
The influence of the presence of nest cover on the risk of egg predation was 
investigated by collating nest record data of red-capped plovers from four breeding 
seasons. Hatching success was not significantly influenced by nest cover or any 
other candidate variable included in the model (Table 4.1). Backward stepwise 
model selection procedures failed to provide significant evidence of noteworthy 
contributions by any of the variables to red-capped plover hatching success.
Table 4.1. Results from the generalised linear mixed model (GLMM) investigating 
the influence of nest cover and additional predictor variables on hatching success of 
eggs of red-capped plovers (Charadrius ruficapillus) (df = degrees of freedom; C = 
coefficient; SE = standard error; t = the test statistic; P = probability).
Predictor variable df C SE t P
Nest cover 223 -0.419 0.464 -0.904 0.365
Age of nest at 
discovery (days)
223 0.046 0.034 1.340 0.180
Time of breeding 
season (days since 1st
July)
223 0.002 0.003 0.706 0.480
Breeding season 223 -0.206 0.184 -1.117 0.263
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 In contrast, the ‘covered’ and ‘open’ false clutch experiment provided evidence for 
nest cover improving the survival of eggs over a 30 day period (Table 4.2). The 
survival of model eggs was also compared between ‘covered’ and ‘open’ clutches 
during the red-capped plover breeding season as well as during the non-breeding 
season. More ‘covered’ clutches than ‘open’ clutches survived during the plover 
breeding season (contingency table, F2 = 4.773, df = 1, P = 0.029; covered, 7.8 %; 
open, 3.6 %) whereas no difference was evident between ‘covered’ and ‘open’ nests 
during the plover non-breeding season (contingency table, F2 = 1.601, df = 1, P =
0.206; covered, 22.5 %; open, 16.8 %). Overall, more false clutches (‘covered’ and 
‘open’) survived during the plover non-breeding season compared with the breeding 
season (contingency table, F2 = 8.839, df = 1, P = 0.003; non-breeding season, 19.7 
%; breeding season, 5.7 %).
Table 4.2. Results from the generalised linear model (GLM) investigating the 
influence of nest cover on fate of false clutches (df = degrees of freedom; C = 
coefficient; SE = standard error; t = the test statistic; P = probability).
Predictor variable 
(reference level)
df C SE t P
Intercept 878 -2.388 0.172 -13.902 < 0.001
Nest cover (present) 878 0.503 0.222 2.264 0.023
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 4.4.2 Temporal and spatial shifts in little raven abundance
The transect counts of little ravens in wetland, grassland and urban habitats were 
adjusted according to their different detection probabilities. The resulting abundance 
estimates varied in the different habitats over a calendar year (Fig. 4.4). The 
abundance estimates for the different habitats were not significantly correlated; 
wetland vs urban habitats (rpearson = 0.487, P = 0.108), wetland vs grassland habitat 
(rpearson = -0.237, P = 0.459) and grassland vs urban habitat (rpearson = 0.472, P =
0.122).
Fig. 4.4. An index of abundance of little ravens (birds per km2 ± 1 SE) in wetland, 
grassland, urban habitats and also the total abundance of all three habitats, adjusted 
according to detection probabilities, for each calendar month between March 2012 
and February 2013.
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 The abundance estimates for the wetland habitat where the red-capped plovers bred 
and the false clutch experiment was conducted, were strongly negatively correlated 
with the percentage of false clutches (both ‘covered’ and ‘open’) that survived over 
a 30 day period (rpearson = -0.768, P = 0.005; Fig. 4.5). The abundance estimates were 
also modestly positively correlated with the percentage of red-capped plover nests 
laid in each month pooled across the four breeding seasons (rpearson = 0.593, P =
0.054; Fig. 4.5).
Fig. 4.5. Percentage of ‘covered’ and ‘open’ false clutches surviving to 30 days (n = 
880), and percentage of red-capped plover nests laid in each month pooled across 
the four breeding seasons, against the corresponding mean little raven abundance 
estimates (birds per km2 ± 1 SE) in the wetlands for each calendar month between 
March 2012 and February 2013.
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 4.5 Discussion
The native little raven, the most common corvid species in south-eastern Australia
(BirdLife Australia 2015), was the major egg predator of red-capped plover eggs in 
the wetlands, and predation by ravens was the most common fate of real and model 
eggs. The probability of egg survival was low. While anecdotal accounts of little 
raven egg predation on ground clutches exist (Weston and Elgar 2007; Cardilini et 
al. 2012), this is the first confirmed and systematic account of widespread, intense 
egg predation by little raven on non-colonial shorebird ground clutches, a 
phenomenon reported for other corvids (Persons 1995; Manzer and Hannon 2005; 
Fletcher et al. 2010; Rees et al. 2015a; Rees et al. 2015b). Our study area also was 
inhabited by a substantial European red fox population, and although foxes are 
known egg predators in the study area, our results defy the commonly held view that 
foxes are the predominant predator of ground eggs (Maguire et al. 2009; Mahon 
2009). It may be that under reduced rates of raven depredation, foxes would increase 
in prominence as an egg predator.
We also found that the interval between deployment of cameras on false clutches 
and predation of model eggs by ravens decreased with the order of false clutch 
deployment. As these false clutches were deployed during September – November, 
the decrease in time to predation could be attributed to the already high raven 
abundance during this period as estimated by the transect counts. However, a 
seasonal effect of raven abundance on the time to predation could not be determined 
due to the lack of time to predation data across a calendar year. The decrease in time 
to predation may also suggest that the little ravens were learning to associate the 
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 presence of cameras with the presence of food in the form of eggs or to follow / 
observe the path of researchers in the field to eventually find eggs. Corvids’ ability 
to learn through observation and also to learn from other corvids’ behaviour through 
observation (social learning) is well known (Emery and Clayton 2004; Marzluff and 
Angell 2007; Izawa and Watanabe 2011), and their use of intelligence in preying on 
bird eggs has been demonstrated in a number of studies (see below).
Corvids can associate nest markers used by scientists to mark the locations of real 
nests with the presence of food and cue in on them for egg predation (Rollinson and 
Brooks 2007). They have been reported ‘trap-lining’ closely spaced artificial nests 
destroying several nests sequentially within a few hours (Buler and Hamilton 2000).
They are also believed to develop search images for real nests and have the ability 
to locate prey (e.g. eggs in nests) in flight (Dwernychuk and Boag 1972), on foot 
(Sugden and Beyersbergen 1987) and from perches (Salathe 1987). Thus, a key 
question is whether our monitoring affected our results to the extent that our 
conclusions do not hold. We contend that little ravens are the major egg predator in 
our study system, because predation was high before any learning could have 
occurred, we have observed ravens taking red-capped plover eggs from nests at 
which we have not worked, and European red foxes had substantial opportunity to 
prey on eggs but only did so comparatively rarely.
4.5.1 Influence of nest cover on risk of egg predation
The use of nest cover is thought to result from a balance between thermal and 
antipredator benefits associated with ‘covered’ and ‘open’ locations (Amat and 
Masero 2004; Lomas et al. 2014), and higher chronic stress levels are evident in 
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 birds attending open nests (Tan et al. 2015). Although some studies provide 
evidence of improved hatching success in ‘covered’ nests compared with ‘open’ 
nests (Parsons and Chao 1983; Manzer and Hannon 2005), our observations of real 
red-capped plover nests suggest that cover does not provide any antipredator benefits 
for nests. However, the lack of a difference in predation rates between ‘covered’ and 
‘open’ nests may be attributed to the high abundance of little ravens in the wetlands 
during the red-capped plover breeding season as well as the sizeable introduced 
European red fox population. The likelihood of a nest being found regardless of the 
presence of cover would have been high, owing to the high foraging intensity of little 
ravens and European red foxes in the wetlands during the plover breeding season. 
Also, the additional visual cue of an adult fleeing from the nest and the olfactory cue 
of an incubating adult may have also helped the already highly abundant predators 
to locate nests and eggs more effectively, regardless of the occurrence of cover (see 
Ekanayake et al. 2015). Corvids are known to fly low to flush the incubating plovers 
from the nests and then to actively search for nests and eggs by walking from one 
potential nest site to another (Persons 1995).
Influence of nest cover only was evident in the false clutch experiment whereby 
model eggs of false clutches placed under cover exhibited better survival compared 
with model eggs of open false clutches. Nest cover in this case may have helped 
conceal the eggs from visual predators and the absence of an incubating adult or an 
adult fleeing from the nest may have reduced the likelihood of predators locating 
nests and eggs. It should also be noted that even though experiments using false 
clutches often elucidate general patterns such as differences between habitats, they 
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 do not exactly mimic the survival and fate of real nests (Davison and Bollinger 2000; 
Mezquida and Marone 2003; Moore and Robinson 2004).
4.5.2 Seasonal shifts in little raven abundance
We found a marked increase in little raven abundance in the wetlands during the red-
capped plover breeding season. The correlations between the little raven abundance 
estimates for the wetland and the percentage of red-capped plover nests laid in each 
month and also the percentage of false clutches surviving to 30 days, suggest that 
little ravens are aggregating at the wetlands to take advantage of the seasonally 
abundant prey resource of red-capped plover eggs. Some predators target seasonal / 
temporal increases in abundance of prey (food pulses), aggregating in areas where 
prey populations are seasonally abundant (Clua and Grosvalet 2001; Klinka and 
Reimchen 2002; Barnett and Semmens 2012). Corvids are notorious for their ability 
to exploit anthropogenic (e.g. rubbish tips, etc.) and natural food pulses (e.g. 
seasonal availability of berries; (Marchant and Higgins 1993; Seed et al. 2009; 
Oravcova et al. 2014; Rees et al. 2015a)); however, these pulses are generally not 
associated with prey such as the eggs of ground-nesting shorebirds. This is the first 
study to document seasonal aggregation of a corvid to a predictable prey resource 
which is subject to intense predation rates. It is also likely that the little raven 
population near the wetlands time their breeding season to coincide with the 
increased abundance of prey however, this cannot be inferred due to the lack of raven 
breeding season data at this site.
Our results further suggest that laying eggs at times of high predator abundance and 
activity can lead to excessive depredation of eggs. The overlap of breeding activity 
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 of the affected species and increased abundance and activity of predators leading to 
intense depredation of eggs has been documented in many habitats worldwide 
(Pierce 1986; Baines et al. 2004; Fletcher et al. 2010). Conversely, our results also 
suggest that laying eggs at different stages of the breeding season can confer an 
advantage to red-capped plovers in terms of reduced risk of egg depredation by little 
ravens. Laying in the early stages of the breeding season (July – September) and also 
in the late stages (February – April) may improve hatching success because of the
relatively low abundance of little ravens in the wetland. This could develop into an 
antipredator adaptation whereby greater hatching success would be achieved with 
increased nesting effort at times of reduced predator abundance (presuming raven 
abundance does not shift relative to red-capped plover egg availability). Greater 
hatching success in early and late stages of the breeding season has been documented 
for ground-nesting shorebirds, subject to intense egg predation rates but the 
possibility of it functioning as an antipredator adaptation has not been tested (Page
et al. 1983; Grant et al. 2005). Plasticity in the timing of breeding would also imply 
the need to manage competing demands associated with other seasonal life history 
event such as moult (Rogers et al. 2014).
4.5.3 Conservation implications
The most important finding of our study was the discovery of little ravens as the 
major predator of red-capped plover eggs. It was assumed that the introduced 
European red fox was the major egg predator and that control of foxes would be 
beneficial for red-capped plovers. Our findings emphasise the importance of 
conducting systematic studies to identify (rather than assume) predators and their 
impacts.
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 Corvid populations worldwide are increasing and expanding in range, and their 
adaptability has enabled them to exploit both anthropogenic and natural food sources 
(Marzluff and Neatherlin 2006; Marzluff and Angell 2007; Palomino and Carrascal 
2007). Indeed, their impact as egg predators on native prey can be severe as they can 
supplement their diets with non-seasonal anthropogenic food sources when eggs are 
not available (Marzluff and Neatherlin 2006; Marzluff and Angell 2007). Some 
corvid populations already have had negative impacts on some prey species and 
other wildlife (Archer 2001; Brook et al. 2003; Yosef and Yosef 2010). In Australia, 
little raven populations have expanded over the past two decades and in some areas 
they are now considered ‘superabundant’ (BirdLife Australia 2015). The severity of 
their predatory impact on a range of bird species therefore is likely to continue to 
increase and further investigation is warranted to assess the true extent of egg 
predation, especially on threatened prey species. Elsewhere, corvid control has 
resulted in increases in prey numbers (Peery and Henry 2010) and control of corvid 
and fox populations can dramatically increase the reproductive success of ground-
nesting birds (Fletcher et al. 2010). Egg depredation by corvids has been managed 
successfully through means such as conditioned taste aversion which exploits 
corvids’ learning capacity to create aversion (Cox et al. 2004; Gabriel and Golightly 
2014). Therefore, approaches to manage little ravens and their impact as egg 
predators, need to be thoroughly investigated (see Tan et al. 2015).
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 Chapter 5
Spatial ecology of little ravens near the ground-nesting red-capped 
plover population
A flock of Little Ravens foraging at Cheetham Wetlands, Victoria, Australia
(courtesy of Daniel Lees)
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 5.1 Abstract
Context.
The little raven Corvus mellori is the principal predator of non-colonial ground-
nesting red-capped plover Charadrius ruficapillus eggs at Cheetham Wetlands, 
south-central Victoria, Australia. This peri-urban wetland is surrounded by a mosaic 
of different habitat types such as open (grassland and agricultural lands), urban, and 
industrial areas, all of which offer alternative food sources for little ravens. 
Management of egg predation by little ravens is of interest to land managers due to 
high rates of egg predation experienced by red-capped plovers. Management will 
require an understanding of the reliance of little ravens on various habitats and their 
patterns of space use especially during the breeding season of red-capped plovers.
Aims.
The aim of this study was to investigate spatial ecology of little ravens where they 
prey extensively on ground-nesting bird eggs.
Methods.
Movement data of 9 little ravens were acquired using GPS tracking devices with 
remote data download functionality between June and July 2013. Birds were 
captured in the wetland and movements were recorded for 7.70 ± 0.56 days (4.79 –
9.94 days). Data on sightings of colour-banded birds were also collated to investigate 
patterns of dispersion from the trapping site.
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 Key results.
Little ravens had large areas of coverage 53.41 ± 21.17 (SE) km² (1.90 – 206.78 km², 
n = 9) within which they were highly mobile moving up to 10.6 km (n = 1272 
movements) in an hour. Most birds used both human-modified as well as natural 
habitats, and five of the nine birds showed strong selection for open habitat. Most 
birds used multiple roost sites but two roosted at a single site. Most of the roost sites 
were located in open (56.2%) or urban (28.8%) habitats. The mean dispersal distance 
of males from the trapping site was significantly shorter than that of females (P <
0.001).
Conclusions.
Little ravens had large areas of coverage encompassing a variety of habitats, 
however most birds exhibited a preference for open habitats.
Implications.
Large areas of coverage and variations among individuals in habitat selection may 
render localised management of little raven populations ineffective. Management 
options such as the use of small scale raven exclusions may be more effective in 
protecting prey populations.
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 5.2 Introduction
Space use and movement patterns of animals are intricately linked with their use of 
habitats, resources and landscapes (Cagnacci et al. 2010; Potts et al. 2014). An 
animal’s movements also depend upon its mobility, behavioural and physiological 
states, and on other external factors such as proximity to competitors and resources 
(Nathan et al. 2008). Resources can vary temporally and spatially with varying 
degrees of predictability and animals that exploit these resources adjust their 
movement patterns accordingly (Matthews et al. 2011; Barnett and Semmens 2012).
For example, generalist and omnivorous species that thrive in human-modified 
landscapes tend to use a wide variety of habitats, changing their space use patterns 
according to the availability of food resources (Marzluff and Neatherlin 2006; 
.DYþLþ et al. 2015). Space use patterns of highly mobile animals especially those 
that are either threatened or that perform a key ecological function in the landscape 
(e.g., predators) are key to understanding the functions of habitats and landscapes 
which constitute the basis for conservation and management (Louzao et al. 2012; 
Schofield et al. 2013).
Studies on space use and movement patterns of birds have largely focussed on 
migratory birds, mostly because of their large scale movements and the perceived
importance of identifying critical stopover sites along the route (Schmaljohann et al.
2012; Klaassen et al. 2014). A few studies on non-migratory terrestrial birds have 
been conducted and they have been confined to species that are highly territorial 
(allowing re-sightings) (Weston et al. 2009b), that are large enough to be able to 
carry tracking devices (Phipps et al. 2013), and those for which Atlas data are 
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 available on large scale movements (Broms et al. 2013). Recent studies on space use 
and movement patterns of bird species that thrive in human-modified landscapes and 
of which populations grow rapidly, have shed light on the extent to which, birds 
exploit anthropogenic resources in all aspects of life-history (e.g., foraging, 
breeding, roosting) (Marzluff and Neatherlin 2006; Salinas-Melgoza et al. 2013).
Knowledge of space use of such species, especially if they are predators that can 
impact the survival of prey species through increased rates of predation, are of 
particular interest to with respect to managing species, ecosystems and landscapes 
(Scarpignato and George 2013).
Corvids are well known for their predatory behaviour in many natural and human-
modified landscapes (Austin and Mitchell 2010; Peery and Henry 2010; Barbaree et 
al. 2014). Their ability to use anthropogenic resources and urban habitats has 
contributed to substantial increases in abundance of some corvid populations
(Archer 2001; BirdLife Australia 2015). They are extremely versatile and effective 
egg predators, and are considered to be amongst the most intelligent birds 
(Santisteban et al. 2002; Emery and Clayton 2004; Izawa and Watanabe 2011). They 
have demonstrated the ability to learn from conspecifics and this cultural learning 
underpins rapid foraging adaptations and diet shifts (Sonerud et al. 2001; Holzhaider
et al. 2010). Corvids can move considerable distances to exploit temporal and spatial 
variation in food availability (Marzluff and Neatherlin 2006). They can also 
aggregate near colonies of surface-nesting bird species and prey heavily on eggs 
(Ewins 1991; Kelly et al. 2005). Growth in corvid populations coupled with 
increasing rates of egg depredation of other species has resulted in corvids being 
increasingly recognised as a threat to native biodiversity (Luginbuhl et al. 2001; 
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 Peery and Henry 2010), yet in some places including Australia, their patterns of 
space use and movements have received little attention.
This study was predicated on observations of high rates of egg loss of a common 
ground-nesting shorebird species, the red-capped plover (Charadrius ruficapillus)
in a peri-urban wetland in south-central Victoria, Australia (see Chapter 4). Little
ravens (Corvus mellori) are the principal predator of red-capped plover eggs and 
they have also been observed preying on adults and young (Lomas et al. 2014; Tan
et al. 2015; Chapter 4). The red-capped plover breeding season spans from August 
to March at this site, and they exhibit extremely low reproductive success which 
may threaten population viability (Lomas et al. 2014; Tan et al. 2015; Chapter 4).
Although little ravens have not been recognised as a significant threat to some prey 
species, the impact of their growing populations and increasing predation rates may 
require management in the near future. Therefore, it is imperative to gain a better 
understanding of patterns of space use and movements of little ravens to develop 
effective management strategies. For example, the success of some potential 
management techniques such as conditioned aversion, requires training ‘local’ 
individuals that exhibit high fidelity to foraging areas (Cox et al. 2004).
The objective of this study was to examine the spatial ecology of little ravens in a 
peri-urban landscape where a wetland that provides significant habitat to a 
population of breeding resident shorebirds affected by little raven egg predation is 
surrounded by a mosaic of other habitat types including grassland, agricultural lands, 
urban, and industrial areas. A greater understanding of how little ravens use these 
habitats and resources may be used to inform management strategies that will help 
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 reduce the impact of ravens on shorebird eggs. One other study exists of tracking 
individual little ravens at the study site (Whisson et al. 2015). This study differed 
from Whisson et al. (2015) insofar as it: 1) attempted to use fundamentally different 
technology to obtain high temporal and spatial resolution of individual movements
(Whisson et al. 2015 featured low spatial resolution), and 2) occurred at a different 
time of year. While this study provides new information on space use and 
movements, limitations with the technology (the best available at the time) did not 
produce the degree of spatial and temporal resolution promised by the 
manufacturers.
5.3 Methods
5.3.1 Study site and species
This study was conducted around two sub-coastal peri-urban wetlands west of 
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5.1) host a sizeable natural population of breeding red-capped plovers (minimum 
count exceeds 200 birds; Tan et al. 2015) of which eggs are being preyed upon 
intensively by a population of little ravens (Antos et al. 2007; Ekanayake et al. 2015; 
Chapter 4). The study area although was centred on the wetlands, comprised a 
mosaic of habitat types surrounding the wetlands, which included open (grassland 
and agricultural lands), urban and industrial areas that were potentially used by little 
ravens.
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 Little ravens were captured at Cheetham Wetlands from October 2011 – July 2013 
using a ‘Modified Australian Crow Trap’ (Moran 1991; Fig. 5.2). To increase trap 
success, free feeding of little ravens was undertaken at the trapping site two weeks 
prior to trapping. A mix of meat, dog food, and bread was used for free feeding and 
trapping while water was also provided inside the trap. Trapping was conducted 
during daytime (0730 – 1630 h). Captured birds were removed immediately, then 
processed and released as they were trapped. The trap was monitored continuously 
while set and 112 ravens were captured during the trapping period.
Each trapped bird was banded on its right tarsus with an Australian Bird and Bat 
Banding Scheme (ABBBS) metal band and colour-banded on its left tarsus with a 
plastic yellow band with a unique three digit number engraved in black to permit 
identification of individuals from a distance. The age (juvenile, immature or adult, 
based on eye colour; Rowley 1970) was recorded for each bird. Up to three sub-
KXPHUDOIHDWKHUVZHUHUHPRYHGIURPWKHXQGHUZLQJDQGEORRGȝOIURPWKHWDUVDO
vein, were sampled for genetic determination of sex.
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 Fig. 5.1. Location of the study area in peri-urban Melbourne, Victoria. Different 
habitat types near where little ravens were trapped (Cheetham Wetlands) are shown 
and the location of the study area in Victoria, Australia, is also indicated.
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 Fig. 5.2. Design of a ‘Modified Australian Crow Trap’ (top) (from Johnson 1994)
and an image of a trap at Cheetham Wetlands with five little ravens inside and five
on top.
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 5.3.2 GPS tracking device attachment and deployment
Eleven adult birds were selected randomly from those trapped between 13 June and 
14 July 2013, and were fitted with Global Positioning System (GPS) tracking 
devices (Quantum 4000E Mini Backpack, 18 g; Telemetry Solutions, Concord, 
California, USA; hereafter referred to as ‘tracking devices’). These tracking devices 
were manufactured with a ‘remote data download’ functionality which enabled the 
GPS locational data (hereafter ‘GPS fixes’) acquired by the device to be downloaded 
remotely without recapturing the bird. This feature was purposely added to the 
tracking devices because of the low rate of recapture of little ravens (2.7% recapture 
rate, n = 112). A tiny Very High Frequency (VHF) transmitter was also fitted to each 
tracking device to enable the location of birds using conventional radio-tracking 
methods and to then download data remotely. Thus, each tracking device possessed 
two antennae, a thicker antenna for the remote download of data and a thinner 
antenna for the VHF transmitter (Fig. 5.3). The tracking devices (c. AUD 3500 each) 
were configured to acquire GPS fixes every 15 minutes from 0600 – 1800 h and 
every 180 minutes from 1800 – 0600 h the following day. The sample size was 
limited to 11 birds because of available funds and also because, data with high 
temporal and spatial resolution from a small sample of birds were preferred to data 
with low resolution from a larger sample of birds that might be available using other 
technologies such as conventional VHF radio-trackers (which is documented in 
Whisson et al. 2015). Therefore, this study’s findings need to be interpreted within 
the context of the sampling regime.
Adult birds weighed 520 ± 8 g (SE) and tracking devices were 3.65 ± 0.05% (SE) of 
body weight. Tracking devices were attached to the two central retrices, so that 
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 tracking devices were shed during moult. Feather barbs were laterally trimmed, then 
superglue and Tesa tape were used to attach the tracking devices to the dorsal aspect 
of the feather shaft. The tracking device was positioned to ensure the two antennae 
ran down the length of the retrices to prevent potential drag and its influence on the 
behaviour of the bird. The antennae were attached to one of the retrices with cotton 
thread and superglue (Fig. 5.3). This entire process lasted a maximum of 60 minutes 
before birds were released at the trapping location.
Tracking devices were deployed during the months of June and July seeking to avoid 
the little raven breeding season (August – September; Higgins et al. 2006) and the 
period of tail feather moult (January – February). It also encompassed the start of 
the red-capped plover breeding season which was a key period of interest in terms 
of understanding raven predation of plover eggs.
Fig. 5.3. An image of a Quantum 4000E Mini Backpack GPS tracking device 
attached to the two central retrices (tail feathers) of a little raven at Cheetham 
Wetlands. The thicker remote data download antenna and the thinner VHF antenna 
are also shown.
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 5.3.3 Telemetry
Birds fitted with tracking devices were observed displaying normal behaviour (i.e. 
flying, flocking and feeding with conspecifics) soon after release suggesting tracking 
devices were not adversely affecting their behaviour. As it was advised that battery 
life of tracking devices would last a minimum of 14 days, it was decided that 
attempts to download data remotely would occur in the following order: first attempt 
5 days after deployment, second at 3 days after first attempt, third 2 days after second 
attempt and attempts every day thereafter until it was deemed that the battery had 
expired. To remotely download data, first the bird was located using a R-1000
Telemetry Receiver with a Three-element Yagi antenna (Communications 
Specialists, Inc., Orange, California, USA), either by triangulation from fixed points 
or by moving in on the signal. Once it was deemed that the bird was within a 400 m 
radius, data was downloaded using the Quantum Remote Download Base Station 
(Communications Specialists, Inc., Orange, California, USA) connected one end to 
a Three-element Yagi antenna and the other to a laptop computer. Data was accessed 
through the Collar software (Telemetry Solutions, Concord, California, USA).
5.3.4 Sightings of colour-banded birds
Data on opportunistic sightings of colour-banded little ravens were collected on 
visits to and around the study area and via observations by other birdwatchers, 
visitors to the wetlands and the general public. These data were collected to gain a
better understanding of dispersal (movements from the trapping site) and 
movements over a longer time frame which would complement the data acquired 
through tracking devices. In particular, these data help define the degree to which 
the population is closed or open in terms of movements. The colour band numbers 
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 of little ravens along with the coordinates of locations where they were sighted and 
the date and time of sightings were recorded for each sighting. Sightings of colour 
bands in which the identity of the bird was unable to be determined were also
recorded.
5.3.5 Statistical analysis
Areas of coverage (i.e., the area covered by the bird) of little ravens was investigated 
using the home range estimator, Brownian Bridge Movement Models (BBMM) 
(Horne et al. 2007). BBMMs were preferred to the traditional Kernel-Density 
Estimation (KDE) owing to the auto-correlated nature of GPS fixes acquired by the 
tracking devices (Horne et al. 2007). As there were numerous GPS fixes acquired in 
short time intervals, they were considered to be spatially and temporally auto-
correlated in nature. BBMMs incorporate time between successive GPS fixes into 
the utilisation distribution estimation and therefore are recommended for use with 
temporally correlated GPS fixes (Horne et al. 2007). BBBMs are also able to better 
predict movement paths and encompass exploratory movements that would not be 
observed with KDE methods. The estimation of BBMMs require: 1) sequential 
location data, 2) estimated error associated with location data, and 3) grid cell size 
assigned for the output utilisation distribution (Horne et al. 2007). In this study, 1) 
sequential location data were present for each bird in the form of x and y coordinates 
of GPS fixes, 2) estimated error associated with location data was present as a 
measure of horizontal dilution of precision (HDOP) (i.e. the geometric quality of a 
GPS satellite configuration in the sky, which is a factor in determining the relative 
accuracy of a horizontal position; Spilker Jr. 1996), and 3) a grid cell size of 5 m 
was assigned for the output utilisation distribution to facilitate investigation of space 
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 use at a fine scale. Once the BBMMs were estimated, density contours at two levels 
(95% and 99%) were calculated from the utilisation distribution. The 99% contour 
level was chosen because it more accurately defined the area of space use in previous 
studies (Lewis 2007), and the 95% contour level was arbitrarily chosen for 
comparison. These contours were then exported to ArcGIS 10.1 (Environmental 
Systems Research Institute, Redlands, California, USA) to further investigate space 
use patterns.
Habitat selection by birds was examined using K-select analysis for design III 
studies (Calenge et al. 2005). As the first step, Minimum Convex Polygon (MCP) 
ranges were created for each bird (n = 9) as they were deemed most appropriate for 
describing the extent of area occupied by the birds and the habitats available to them. 
Then, a marginality vector was defined for each bird, which is the difference 
between the average available habitat conditions and the average used habitat 
conditions (Calenge et al. 2005). As the next step, an eigenanalysis (an extension of 
Principal Component Analysis) was conducted to determine linear combinations of 
habitat variables that maximise the mean marginality (i.e. habitat selection) of all 
birds on the first component axis. If the birds display similar habitat preferences, the 
first axis explains a major proportion of the total variance in the dataset. The strength 
of the marginality of each birds was then examined by comparing the observed 
marginality with that generated in 200 simulations assuming random space use.
All four habitat types, wetland, open (grassland and agricultural lands), urban, and 
industrial, were digitised separately at a resolution of 1:5000 from 2011 aerial photos 
(Department of Environment, Land, Water and Planning). As boundaries between 
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 habitat types are not distinct naturally, digitised habitat layers were buffered by 200 
m to create a 400 m wide interface between habitats to account for birds that might 
have used both habitats. These habitat layers were then converted to raster layers in 
ArcGIS 10.1 (Environmental Systems Research Institute, Redlands, California, 
USA). Available habitat was determined for each bird from its MCP range and 
habitats used were determined from GPS fix locations.
Colour band sightings data were plotted and distances of sightings from the trapping 
location at Cheetham Wetlands were calculated and compared between sexes of little 
ravens. An independent t-test was conducted in R ver. 3.2.0 (R Core Team 2015) to 
examine for differences between male and female movement distances.
BBMM estimations were conducted using the ‘BBMM’ package (Nielson et al.
2013) in R ver. 3.2.0 (R Core Team 2015). Contour maps were created using ArcGIS 
10.1 (Environmental Systems Research Institute, Redlands, California, USA). K-
select analysis was performed in package ‘adehabitatHS’ (Calenge 2006) in R ver.
3.2.0 (R Core Team 2015). All other results are presented as means ± standard error 
(SE), unless otherwise stated.
5.4 Results
Movement data of only nine of the 11 ravens that had tracking devices were able to 
be downloaded because two ravens could not be located after tracking device 
attachment. The data were of limited duration (7.70 ± 0.56 days, 4.79 – 9.94 days) 
because of the unexpectedly short battery life of tracking devices. Eight of the nine 
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 ravens had data consisting of > 100 GPS fixes (145 ± 19 fixes, 92 – 281 fixes). 
Individual ravens were coded sequentially i.e. R1, R2 etc., in the order of tracking
device deployment. Data from five male (R2, R5, R6, R7 and R9) and four female 
(R1, R4, R8, and R10) ravens were collected.
5.4.1 Space use
The average area of coverage (99% contours) of little ravens as estimated by 
BBMMs, was 53.41 ± 21.17 km² (1.90 – 206.78 km², n = 9), whereas the area of 
coverage at 95% contours was 25.09 ± 9.80 km² (0.98 – 95.99 km², n = 9). Individual 
ravens utilised different areas of coverage of different sizes and habitats. Among 
male ravens, two types of areas of coverage were identified. Some possessed 
relatively small areas of coverage with multiple roost locations confined to a small 
area with a mosaic of habitats (Fig. 5.4a; 99% contours, area = 12.16 km²) whereas 
some had larger areas of coverage with multiple roost locations scattered across a 
large area, utilising a mixture of habitats around the roost locations (Fig. 5.4b; 99% 
contours, 31.74 km²). Similarly, two types of areas of coverage were identified 
among female ravens. Some possessed larger areas of coverage encompassing a 
mosaic of habitats with multiple roost locations confined to a small area (Fig. 5.5a; 
99% contours, 42.08 km²), whereas others had large areas of coverage with multiple 
roost locations scattered in a larger area (Fig. 5.5b; 99% contours, 87.51 km²).
Statistical comparisons of areas of coverage across sex were hampered by low 
sample size. The smallest (1.90 km²) and the largest (206.78 km²) areas of coverage
were recorded from male ravens but their average size of areas (51.71 km²) was 
slightly smaller than the average female size of areas (55.54 km²).
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 Fig. 5.4. Areas of coverage (95% and 99% contours) of two male little ravens (R5 and R6), (a) using multiple roost locations confined to a small 
area, and (b) using multiple roost locations scattered in a large area, near Cheetham Wetlands.
 
 Fig. 5.5. Areas of coverage (95% and 99% contours) of two female little ravens (R8 and R10), (a) using a mosaic of habitats with multiple roost 
locations confined to a small area, and (b) using a mosaic of habitats with multiple roost locations scattered in a large area, near Cheetham Wetlands.
 
 5.4.2 Habitat selection
K-select analysis identified one major axis that explained 48.5% of the marginality 
(i.e. the difference between availability and use of habitats by ravens) of the data set. 
This axis describes the gradient in marginality from wetland habitat (negative 
values) to open and urban habitats (positive values; Fig. 5.6a). The second axis 
contributed 27.5% of the marginality and describes the difference between urban 
and industrial (negative values) habitats and wetland and open habitats (positive 
values). The high proportion of variance described by the first two axes suggests 
similarities in habitat selection between ravens in this study.
The origins of non-centred marginality vectors indicate that availability of the 
different habitats varied between birds (n = 9, Fig. 5.6b). Open habitat was 
commonly available, comprising 40 – 64% of any bird’s MCP range. Urban habitats 
comprised 21 – 55%, and wetland/coastal habitats comprised 7 – 35% of a bird’s 
MCP range. Industrial habitats were available to five birds, comprising 5 – 46% of 
their MCP ranges.
The relative length and direction of re-centred marginality vectors (Fig. 5.6c) 
indicate that seven birds selected for open habitat (positive values for x-axis), with 
significant marginality (P < 0.05) for five of those birds (males, R2, R5, R6; females,
R4, R8). Two birds (male, R9; female, R10) appeared to select for urban habitat 
with significant marginalities (P > 0.05).
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 Fig. 5.6. Results of K-select analysis of little raven telemetry data near Cheetham 
Wetlands. Graphs are (a) the scores of the environmental variables on the first two 
axes of the K-select analysis, (b) the un-centred vectors of marginality (the origin of 
the arrow indicates the centroid of the cloud of available points and its end indicates 
the centroid of the cloud of used points by each bird), and (c) the re-centred vectors 
of marginality (significant marginality vectors are labelled).
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 5.4.3 Roosting locations
A total of 73 unique roosting locations were identified for nine birds. Roosts most 
frequently were in open (56.2%) or urban (28.8%) areas, with relatively few located 
in industrial (15.0%) areas and none in wetland areas. For 32 roosts that were 
observed directly, birds were roosting in trees within reserves, parks, roadside 
verges, and car parks. The average distance between consecutive roosts for each bird 
was 3.8 ± 0.8 km (0.3 – 12.0 km, n = 9). These roosting locations were commonly 
shared with other ravens (both with and without tracking devices). Over the study 
period, six of the nine ravens with tracking devices roosted at least once in a 500 m2
area featuring introduced pine trees (Pinus radiata) surrounded by open habitat.
5.4.4 Movements
Birds were highly mobile, moving up to 10.6 km h-1 (n = 1272), although most 
(68.2%, 867 / 1272) movements were less than 2.5 km h-1 (median = 1.1 km h-1). 
Most (88.6%, 62 / 70) of the initial locations recorded for birds each day were within 
5 km of the previous night’s roosting location (median, 2.1 km). The longest distance 
moved by a raven from previous night’s roosting location was 18.1 km (a female). 
No nocturnal movements were recorded.
5.4.5 Dispersal from the trapping site
Data from 557 colour band sightings were collated, with only 25 sightings for which 
the identity of the bird had not been determined. Sightings data suggested at least 
occasional longer distance movements by little ravens from the trapping site, with 
the longest movement of 25.9 km (Fig. 5.7a). Both male and female ravens 
undertook long and short distance movements (Fig. 5.7b). The mean distance of 
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 movements of males was significantly shorter than that of females (independent t-
test assuming each movement was independent, t = -7.051, df = 357.34, P < 0.001; 
males, 1530.60 ± 65.60 m; females, 2653.40 ± 145.11 m; Fig. 5.8).
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 Fig. 5.7. Map of (a) all sightings of colour-banded little ravens relative to the 
trapping site (red star), and (b) sightings of identified male and female ravens closer 
to the trapping site (inset is within a 1 km radius from the trapping site), near 
Cheetham Wetlands.
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 Fig. 5.8. The number of sightings of male (dark grey bars) and female (white bars) 
little ravens within increasing distance categories from the trapping site at Cheetham 
Wetlands.
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 5.5 Discussion
This study is the first to use GPS tracking devices to investigate space use and habitat 
selection by little ravens although the sample size and duration of data collection 
were limited. A few limitations associated with the use of these GPS tracking devices
were encountered. The tracking devices did not provide the expected sequential GPS 
fixes over lengthy periods of time, and for most devices there were extended periods 
when no locational data were recorded. Sequential fixes would have enabled the 
analysis of tracks of movements and identification of associated food sources 
especially during daytime. Furthermore, the battery life of these tracking devices 
was much shorter than anticipated and therefore could only acquire locational data 
of birds within a short duration. Generally, locational data collected over a longer 
period of time provide a more accurate representation of patterns of space use and 
movements of birds (Schmaljohann et al. 2012). The accuracy of fixes acquired by 
GPS tracking devices however is greater compared with conventional VHF radio-
trackers and therefore this study’s results provide an accurate account of space use 
and habitat selection by little ravens.
This study’s results are consistent with the results of a previous study conducted on 
little raven space use with the aid of conventional VHF radio-trackers (Whisson et 
al. 2015), which suggest that during their non-breeding season, little ravens have 
relatively large areas of coverage that encompass a variety of natural and human-
modified habitat types, within which they are highly mobile and exploit resources 
(Rowley 1973a; Rolando and Carisio 2003). Ravens in this study were frequently 
located in the open habitat which comprised the largest component of the landscape, 
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 with five out of nine birds strongly selecting for this habitat. Although ravens used 
numerous roosts throughout their areas of coverage, most of their daily movements 
were relatively short (within 5 km of the previous night’s roosting location), which 
is consistent with movement patterns of non-migratory birds (Paradis et al. 1998).
The areas of coverage that are reported in this study are likely to be indicative of 
little raven ranges throughout their non-breeding season in a peri-urban landscape, 
even though the duration and sample size of this study was limited. The areas of 
coverage are within the range of those described for family Corvidae worldwide 
(Laiolo et al. 2001; Yaremych et al. 2004). Previous studies of corvid spatial ecology 
suggest that there is great variation in areas of coverage between and within species 
(Yaremych et al. 2004; Bodey et al. 2009). Patterns of space use could be influenced 
by a number of environmental factors such as the type of habitat (Rolando et al.
1995) and the presence of different food sources (Rolando and Carisio 1999; Roth
et al. 2004). Anthropogenic food sources can influence patterns of space use 
especially in cases where areas of coverage occur near human settlements (urban 
landscapes) compared with areas of coverage that occur further away from human-
modified landscapes (Marzluff and Neatherlin 2006).
Movement patterns of non-breeding little ravens have been associated with the 
presence and acquisition of different food sources (Rowley 1973a). Similarly, space 
use of little ravens in this study may have been influenced by the distribution of 
different food sources. Birds frequenting open habitat (i.e. grassland and agricultural 
lands) may have been attracted by food items such as seeds, small insects, and also 
grubs and worms from recently ploughed agricultural lands, which has been 
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 observed before attracting flocks of 200 – 300 little ravens (Rowley 1971). Birds 
frequenting urban habitat were located within new residential estates and may have 
been attracted by anthropogenic food sources such as overflowing residential waste 
bins, bird baths and feeding tables. During tracking of birds, some colour-banded 
ravens were sighted feeding on overflowing residential waste bins, and drinking 
from gutters. Three birds were observed to frequent a local fast food outlet perhaps 
to feed on litter and left over food. Some birds in this study frequented industrial
habitat where they were located near a large rubbish tip probably exploiting waste, 
and some at a car park of a vehicle manufacturing plant, using tall trees for roosting 
purposes.
It was expected that ravens would strongly select for wetland habitat given the 
observations of their intensive exploitation of shorebird eggs as prey at Cheetham 
Wetlands. However, none of the ravens selected for wetland habitat which was 
contrary to the findings of the previous space use study by Whisson et al. (2015)
where seven out of 11 ravens selected for wetland habitat with three birds displaying 
strong selection. This difference could be attributed to the timing of the two studies 
where the previous study by Whisson et al. (2015) was conducted during October –
January which coincided with the red-capped plover breeding season whereas this
study was conducted in June and July during the non-breeding season of red-capped 
plovers. Therefore, it is possible that ravens in this landscape derive food from 
mostly anthropogenic sources during the plover non-breeding season and exploit the 
natural food source of shorebird eggs during the plover breeding season. This ability 
of corvids to adapt and exploit both natural and anthropogenic food sources has 
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 helped them thrive in human-modified landscapes worldwide (Marzluff et al. 2001; 
Marzluff and Neatherlin 2006).
Corvids can alter their movement patterns and areas of coverage in response to 
seasonal variations in distribution and availability of food sources (Rolando and 
Carisio 1999; Scarpignato 2011; Scarpignato and George 2013). The little raven 
numbers at Phillip Island, Victoria increased with the onset of the breeding season 
of little penguins (Eudyptula minor), and were observed intensively exploiting 
penguin eggs as prey (Chapters 2 and 3). The raven numbers decreased towards the 
latter stages of the penguin breeding season indicating an influx in response to the 
seasonal abundance of prey (Chapter 3). Anecdotal observations of little ravens in 
south-eastern Australia, provide evidence for seasonally varying numbers owing to 
movements, of unknown distances, into other areas possibly in response to food 
availability (Rowley 1971). Furthermore, little raven colour-banding studies 
(Rowley 1971) provide evidence for longer movements than described in this short-
term telemetry study. However, the tracking described in this study indicates that
during the little raven non-breeding period, ravens appear to reside with relatively 
large areas of coverage possibly exploiting the myriad of different natural and 
anthropogenic food sources available, and undertake occasional longer movements 
of short durations.
Nocturnal roosting locations of little ravens were almost always near their diurnal 
areas of coverage. Therefore, the areas used by ravens during daytime may be 
influenced by the location of roost sites. Most of the birds with tracking devices were 
located at their roost sites just after sunset and they were observed to roost 
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 communally with most sites located in isolated trees in open habitats (grassland and 
agricultural lands) and some in tall trees in industrial habitats (car parks of a vehicle 
manufacturing plant and an office complex). This communal roosting behaviour is 
consistent with another Australian corvid species, the Torresian crow (Corvus orru)
of which urban populations have been observed to roost communally (Everding and 
Jones 2006). Roost sites of communally roosting birds are hypothesised to be 
information centres allowing individual birds to follow conspecifics to food sources 
(Sonerud et al. 2001). However, this study does not have either a sufficient sample 
size or provide evidence to support or refute the information centre hypothesis.
Extreme roost site fidelity was observed in two out of nine little ravens with tracking 
devices, where they used the same roost site for five and 10 consecutive nights. Less 
fidelity was observed among other individuals with one raven using seven different 
roost sites over as many consecutive nights. Roost site fidelity can vary among 
corvid species. Some radio-tagged Torresian crows used only one roost site while 
others used up to six sites (Everding and Jones 2006), and American crows only 
moved just over a kilometre between roost sites (Ward et al. 2006). Whisson et al.
(2015) describe little ravens undertaking nocturnal movements of up to 8 km 
between roosts during the night; however, there was no such evidence among the 
nine little ravens in this study. Nocturnal roosting is generally considered a sedentary 
period and Whisson et al. (2015) speculate that disturbance may have caused ravens 
to move at night. Little ravens have large flight initiation distances during daytime 
(Weston et al. 2012), thus they may have undertaken movements to avoid 
disturbance. Torresian crows also undertook nocturnal movements between roost 
sites when they were purposely disturbed (Everding and Jones 2006). In this study, 
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 most of the roost sites were isolated from human disturbance especially at night and 
this lack of disturbance may have diminished the need for any movement at night.
Sightings of colour-banded little ravens showed dispersal from the trapping site 
which was consistent with the results obtained from tracking devices. Evidence of 
short and long distance movements by both male and female ravens indicated the 
presence of large areas of coverage, although there were more short distance 
movements compared with long distance movements. These observations are 
consistent with the assumption that longer distance movements are less frequent than 
short distance movements in birds (Paradis et al. 1998; Weston et al. 2009b). Similar 
observations have been made of common ravens (Corvus corax) comprising 
frequent short distance movements and occasional large movements of up to 65 km 
(Engel and Young 1992). The differences in frequency between short and long 
distance movements could also be due to more frequent detection of short distance 
movements because of lower detection probabilities associated with long distance 
movements and more search effort near the trapping site (Koenig et al. 2000).
However, banded birds in this study were obvious to the naked eye, and the areas 
into which ravens dispersed were highly populated, thus it can be presumed that 
most ravens made shorter movements. The mean distance of movements of males 
was shorter than that of female little ravens. Among some corvids, female birds 
travelled longer distances than males (Gienapp and Merilä 2011) whereas among 
some others the opposite pattern has been observed (Langen 1996; Williams and 
Rabenold 2005).
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 Australian corvids are renowned agricultural pests (Rowley 1971; Rowley 1973a),
but their impact on other wildlife as an avian egg and chick predator has only 
recently been described (Everding and Jones 2006; Maguire et al. 2009; Lomas et 
al. 2014; Ekanayake et al. 2015; Tan et al. 2015). The population of little ravens 
considered in this study have already been implicated as the principal predator of 
eggs of a resident shorebird population in a high-value wetland located in a peri-
urban landscape (Lomas et al. 2014; Tan et al. 2015; Chapter 4). Ravens thrive and 
increase in abundance in human-modified landscapes and this will likely increase 
the stress on the shorebird population. As shown by the results of this study, little 
ravens have large areas of coverage with diverse habitats and therefore they are 
subsidised by various abundant food sources which are most likely exploited 
intensively. In the case of managing egg predation within the high-value wetland, 
managing the little raven population not only within the wetlands but also in the 
surrounding areas as well as managing other food sources which ravens rely on, will 
need to be considered. As managing a large, numerous raven population as well as 
their food sources, is practically unachievable, management options such as the use 
of raven exclusion nest cages may be more effective in sustaining prey populations 
(Isaksson et al. 2007; Tan et al. 2015).
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 Chapter 6
Synthesis
A Little Raven flying off with an egg from the Australasian Gannet Colony at 
Portland, Victoria, Australia
(courtesy of Simone Monaci)
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 6.1 Overview
In this thesis, the egg predatory behaviour of little ravens was investigated by 
focussing on two prey species that were suspected to be the subject of intense egg 
predation by little ravens. The rates of egg predation were examined using remote-
sensing cameras deployed at nests of the two prey species. Then space use, habitat 
selection and temporal patterns of occurrence of little ravens, in areas where the two 
prey species bred, were also investigated. In this chapter, the results of the 
aforementioned investigations are synthesised and implications of this work are 
discussed.
6.2 Major findings
6.2.1 Little ravens prey intensively on eggs of little penguins and red-capped plovers
Little ravens were identified as the principal predator, preying extensively on 
burrow-nesting little penguin and ground-nesting red-capped plover eggs (Chapters 
2 and 4). A few studies which focus on identifying egg predators, provide evidence 
of egg predatory behaviour of little ravens (Weston and Elgar 2007; Maguire et al.
2009; Cardilini et al. 2012; Mead 2012; Ekanayake et al. 2015) but none report 
predation rates as high as those observed in this study. Worldwide, corvids have 
been identified as major egg predators of ground- and tree-nesting birds but not of 
burrow-nesting birds (Persons 1995; Luginbuhl et al. 2001; Manzer and Hannon 
2005; Fletcher et al. 2010; NČPHF DQG )XFKV . Only a few studies report 
corvids preying on eggs of burrow-nesting birds (Hudson 1982; Blight et al. 1999)
but none report substantive depredation.
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 The influence of nest characteristics on the risk of egg predation was evident in little 
penguin burrows but not in real red-capped plover nests. Burrows in which clutches 
were preyed upon possessed characteristics that aided prey detection and access by 
little ravens. Similar evidence has been presented in a study on Magellanic penguins 
(Spheniscus magellanicus) where characteristics such as the amount of cover on the 
burrow roof, which render burrows vulnerable to predator attack, have been linked 
to the risk of egg loss (Stokes and Boersma 1998). In surface/ground nests, the use 
of nest cover is thought to result from a balance between thermal and antipredator 
benefits associated with ‘covered’ and ‘open’ locations (Amat and Masero 2004; 
Lomas et al. 2014). The lack of a difference in egg predation rates between ‘covered’ 
and ‘open’ red-capped plover nests as revealed by this study, suggests that cover 
does not provide any measurable antipredator benefits for nests in this system 
whereas it may be adaptive where a different suite of predators occur.
Little ravens used two modes of attack which had hitherto been undescribed, to prey 
on little penguin eggs in burrows. Both ‘entry attack’ and ‘digging attack’ modes 
involved accessing penguin eggs by attacking and harassing the incubating adult 
from outside the burrow. Corvids sometimes steal eggs from nests when nests are 
unattended or abandoned but evidence of direct attacks on incubating birds is scarce. 
Little ravens and little penguins are of a relatively similar size and therefore, direct 
attacks required behavioural traits such as aggression and boldness, traits exhibited 
by other corvids (Marzluff and Angell 2007). The ‘digging attack’ mode further 
reflected ‘object permanence’ and ‘associative learning’ in little ravens, which have 
also been demonstrated in other corvids (Emery and Clayton 2004; Ujfalussy et al.
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 2013). Corvids are known for their ability to use tools to access prey (Emery and 
Clayton 2004; Marzluff and Angell 2007), however substantial tunnelling or 
excavating to access prey as evident in the ‘digging attack’ mode, has not apparently 
been reported previously.
6.2.2 Little ravens apparently aggregate near breeding congregations of prey 
species to exploit eggs
Knowledge of spatial and temporal dynamics of predators can be particularly useful 
when determining predator management options (Peery and Henry 2010; 
Scarpignato and George 2013). Investigations of spatial and temporal occurrence of 
little ravens (this study) provided evidence of aggregations in times and places when 
and where eggs were plentiful in both little penguin and red-capped plover systems. 
Density models in Chapter 3 showed a clear trend of little raven abundance 
increasing towards the onset of the little penguin breeding season. The models also
suggested a correspondence between the spatial distribution of little raven density 
and the little penguin colony. Similarly, a distinct increase in little raven abundance 
in the wetland breeding areas of red-capped plovers was evident during the plover 
breeding season (Chapter 4). It was also highly correlated with the percentage of 
red-capped plover clutches laid in each month, suggesting that little ravens might be 
aggregating at the wetlands to exploit the seasonal food pulse of plover eggs.
Spatial and temporal occurrence of predators can be influenced by a number of 
environmental factors (Barnett and Semmens 2012; Massaro et al. 2013). The spatial 
overlaps and temporal patterns of little raven density were consistent with responses
to a resource pulse in their environment (Yang et al. 2008; Greenville et al. 2014).
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 Large spatial and temporal aggregations of predators exploiting seasonal food pulses 
are common (Graham et al. 2006; Tremblay et al. 2011; Barnett and Semmens 2012; 
Peirce et al. 2013) with several reports describing this phenomenon for corvids
(Higgins et al. 2006; Seed et al. 2009; Oravcova et al. 2014). The seasonally 
predictable food pulses of penguin and red-capped plover eggs served as resource 
pulses for little ravens, to which they responded in increasing numbers. The 
aggregations of little ravens at breeding sites of prey accord with the high rates of 
egg predation revealed in earlier chapters. This is the first systematic account of 
large seasonal aggregations of a corvid to breeding sites of a colonially-nesting 
seabird and also of a non-colonial shorebird that are subject to intense egg predation.
6.2.3 Little ravens which prey intensively on eggs use different habitat types within 
large areas of coverage
Management of egg predation by little ravens requires a good understanding of the 
dependence of little ravens on different habitats as well as their patterns of space use 
in and around breeding sites of prey. Chapter 4 indicated an increased abundance of 
little ravens in the wetlands during the red-capped plover breeding season, thus it 
was deemed imperative to gain an understanding of little raven spatial ecology. 
Chapter 5 reported the first account of using GPS tracking devices to investigate 
space use and habitat selection by little ravens although a previous study has been 
conducted with the use of conventional VHF radio-trackers (Whisson et al. 2015).
GPS tracking devices were chosen because they offer finer spatial resolution 
compared with conventional VHF radio-trackers. The findings of this chapter, were 
consistent with the results of the previous study, which showed that ravens possess 
relatively large areas of coverage encapsulating a variety of natural and human-
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 modified habitat types, within which they are highly mobile and exploit a variety of 
resources (Rowley 1973a; Rolando and Carisio 2003). Although little ravens had 
relatively large areas of coverage, most of their daily movements were relatively 
short, which was consistent with movement patterns of many non-migratory birds
(Paradis et al. 1998).
The size of little raven areas of coverage reported here was within the range of those 
described for family Corvidae elsewhere (Laiolo et al. 2001; Yaremych et al. 2004).
There was great variation in areas of coverage between and within male and female 
little ravens, as has been shown for other corvids (Yaremych et al. 2004; Bodey et 
al. 2009). Habitat selection by little ravens have been associated with the presence 
and acquisition of food (Rowley 1973a). This study, combined with the findings of 
Whisson et al. (2015), suggest it is highly likely that little ravens in this landscape 
rely on food from other habitat types during the plover non-breeding season and on
food from the wetlands during the plover breeding season. Furthermore, sightings 
of colour-banded little ravens suggested substantial dispersal from the trapping site,
again suggesting populations are rather open.
6.3 Implications for conservation
Predation of burrow-nesting little penguin eggs by little ravens suggests that the 
foraging niche in which they operate may be broader and more flexible than 
previously appreciated. The capacity to expand niche breadth may also be applicable 
to corvids elsewhere. As a group of intelligent birds with high capacity for learning
(Marzluff and Angell 2007; Izawa and Watanabe 2011), the apparently recent 
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 exploitation of this subterranean foraging niche could pose a threat to some already 
threatened burrow-nesting prey species. The little penguin colony studied here is one 
of the largest known populations in Australia and is also a major ecotourism 
attraction. The loss of recruitment of young penguins to the population can have a 
major impact on the viability of the penguin population and associated social and 
economic benefits (Dann and Chambers 2013). The emergence of a superabundant 
native egg predator has caused concern among managers of the little penguin 
population. The presence of a large raven population that aggregates near the little 
penguin colony during the penguin breeding season suggests that the habit of 
preying on penguin eggs could potentially spread to other penguin colonies, possibly 
threatening their viability.
Most importantly, little ravens were identified as the major egg predator 
outcompeting the introduced red fox which was assumed to be the principal predator 
of red-capped plover eggs. In Australia, corvids are not prominent as a predator that
could threaten some elements of biodiversity, and their activities have mostly been 
overshadowed by the impact of introduced mammalian predators such as the red fox 
and feral cat. Therefore, findings in this study emphasise the importance of 
conducting systematic investigations to identify predators and their impacts. As a 
native species thriving in human-modified landscapes and with expanding 
populations, little ravens are likely to be highly problematic with regards to the 
conservation of affected prey species, now and in the future. The severity of their 
predatory impact on other bird species is likely to increase, having a particularly 
problematic effect especially on threatened prey species such as the ground-nesting 
hooded plover (Weston and Elgar 2007; Maguire et al. 2009; Mead 2012).
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 Therefore, little ravens and other corvids are worthy of more research and 
management attention.
6.4 Implications for management
A number of different techniques already exist to manage predation of eggs by 
corvids worldwide, but none have been trialled on little ravens. The revelation of 
rather open raven populations which aggregate during prey breeding seasons to 
exploit eggs, presents an additional level of complexity to management because 
most management techniques have been effective on closed populations. Aversive 
conditioning of corvids has been trialled successfully (Cox et al. 2004; Gabriel and 
Golightly 2014) but its effectiveness on the little raven populations may be 
constrained by having to condition a large number of birds and also by the constant 
recruitment of ‘new’ ravens to the population. Similarly, culling of little ravens may 
also be proven ineffective due to the large number of birds, ongoing recruitment, 
and diminishing returns as ravens avoid control. Furthermore, culling of corvids has 
only been successful in reducing egg predation rates in the short-term (Bodey et al.
2009; Fletcher et al. 2010), with sustainable long–term solutions remaining 
unavailable.
At Phillip Island, techniques which focus on protecting nests from corvid attack 
instead of managing the corvid population itself, have been trialled. For example, 
physical barriers have been placed above some penguin burrows to protect them 
from little raven attack (L. Renwick 2015, pers. comm.) and artificial nest boxes 
have been deployed for the use of penguins (Sutherland et al. 2014). The use of 
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 physical barriers above penguin burrows has produced positive results, but in some 
instances they have proven to be a hindrance to the movement of penguins and other 
wildlife (L. Renwick 2015, pers. comm.). Also, they are expected to be effective 
only on burrows in which the ravens attempt to access the eggs using the ‘digging 
attack’ mode and not on burrows in which eggs are accessed through the entrance
(Chapter 2). Artificial nest boxes have had good penguin occupancy rates but have
recently been subject to egg predation by little ravens where they have accessed the 
eggs through the entrance, similar to the ‘entry attack’ of natural burrows (L. 
Renwick 2015, pers. comm.). The use of techniques such as predator exclusion cages 
to protect nests from predator attacks have been used successfully especially on 
ground-nesting species (Isaksson et al. 2007; Tan et al. 2015) but may prove to be 
impractical for burrow nests. Furthermore, predator exclosures exploit the size 
difference between predator and prey preventing predator access to the nest and 
allowing prey to access their nests, they are thus ineffective where predator and prey 
are of similar size i.e. as for ravens and penguins.
In the case of managing egg predation of red-capped plovers, managing other food 
sources in adjacent habitats to the wetlands, which little ravens rely on, can also be 
considered. Public education and awareness will be critical in reducing the amount 
of rubbish/litter available as a food source for little ravens. On the other hand, it 
could be argued that the presence of alternative food sources may actually work in 
favour of the prey species with less dependence on eggs as a food source. However, 
the resultant boost in raven numbers may be detrimental to prey species in the long-
term. Other management options such as raven exclusion nest cages may be more 
effective in protecting ground-nesting prey populations (Isaksson et al. 2007; Tan et 
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 al. 2015). There was a dramatic increase in the hatching rate of red-capped plover 
nests fitted with exclosures compared with nests without exclosures, and ravens 
were the primary predator visiting these cages (Tan et al. 2015). Perhaps, a 
combination of management techniques where nest protection and control of the 
raven population are implemented simultaneously may result in an overall increase 
in the number of fledglings recruited to the population of red-capped plovers. Corvid 
control has proven to be effective in increasing prey numbers (Peery and Henry 
2010) and sometimes can dramatically increase the reproductive success of ground-
nesting birds (Fletcher et al. 2010). However, regulatory and other social barriers to 
controlling native species are substantial in Australia. 
6.5 Conclusion
Egg predation is a major cause of reproductive failure among birds which can 
compromise the viability of prey populations (Ricklefs 1969). In this research, a 
burrow-nesting seabird and a ground-nesting shorebird were subject to intense egg 
predation by a native corvid, the little raven. Little raven populations have increased 
rapidly and expanded in range over the past two decades owing to their generalist 
diet and ability to thrive in human-modified landscapes, and are now considered 
‘superabundant’ (BirdLife Australia 2015). Consequently, their predatory impact is 
likely to continue to increase, to be discovered in, and perhaps spread to other 
burrow-nesting and ground-nesting species. This research has shed light on the 
importance of managing egg predation by little ravens even though it does not 
directly investigate the efficacies of established corvid management techniques on 
little ravens. Therefore, approaches similar to what is suggested above to managing 
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 the predatory impact of this native superabundant egg predator need to be 
investigated, and implemented in an adaptive management framework, where corvid 
egg depredation threatens the viability of prey populations.
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Abstract
Context. Egg depredation is a major cause of reproductive failure among birds and can drive population declines. In this
study we investigate predatory behaviour of a corvid (little raven; Corvus mellori) that has only recently emerged, leading
to widespread and intense depredation of eggs of a burrow-nesting seabird (little penguin; Eudyptula minor).
Aims. The main objective of this study was to measure the rate of penguin egg depredation by ravens to determine
potential threat severity. We also examined whether penguin burrow characteristics were associated with the risk of egg
depredation. Ravens generally employ two modes of predatory behaviour when attacking penguin nests; thus we examined
whether burrow characteristics were associated with these modes of attack.
Methods. Remote-sensing cameras were deployed on penguin burrows to determine egg predation rates. Burrow
measurements, including burrow entrance and tunnel characteristics, were measured at the time of camera deployment.
Key results. Overall, clutches in 61% of monitored burrows (n = 203) were depredated by ravens, the only predator
detected by camera traps. Analysis of burrow characteristics revealed two distinct types of burrows, only one of which was
associated with egg depredation by ravens. Clutches depredated by ravens had burrows with wider and higher entrances,
thinner soil or vegetation layer above the egg chamber, shorter and curved tunnels and greater areas of bare ground and
whitewash near entrances. In addition, 86% were covered by bower spinach (Tetragonia implexicoma), through which
ravens could excavate. Ravens used two modes to access the eggs: they attacked through the entrance (25% of burrow
attacks, n = 124); or dug a hole through the burrow roof (75% of attacks, n = 124). Burrows that were subject to attack
through the entrance had signiﬁcantly shorter tunnels than burrows accessed through the roof.
Conclusions. The high rates of clutch loss recorded here highlight the need for population viability analysis of penguins
to assess the effect of egg predation on population growth rates.
Implications. The subterranean foraging niche of a corvid described here may have implications for burrow-nesting
species worldwide because many corvid populations are increasing, and they exhibit great capacity to adopt new foraging
strategies to exploit novel prey.
Additional keywords: egg predator, burrow-nest, camera trap, Corvus mellori, Eudyptula minor, foraging niche.
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Introduction
Predation pressure can act as a strong selective force, affecting
aspects of breeding behaviour such as incubation (Schneider and
Griesser 2013; Ekanayake et al. 2015a) and nest site selection
(Colwell et al. 2011). In some species, egg depredation has
been identiﬁed as a key threat, contributing to heightened
extinction risk (Peery and Henry 2010; Massaro et al. 2013).
Many seabird species nest on offshore islands inaccessible to
mammalian predators (Fukami et al. 2006) and nest colonially
to reduce predation risk (Stenhouse et al. 2005; Weidinger and
Pavel 2013). Some seabirds nest in burrows, e.g. some penguins,
shearwaters and smaller petrels (Sherley et al. 2012; Bourgeois
et al. 2014), which provide the eggs with physical and visual
protection from predators and allow for easier defence of the
clutch (Stokes and Boersma 1998).
Corvids are well known for their ability to target nests and
prey upon eggs (Luginbuhl et al. 2001; Nemec and Fuchs 2014).
They are extremely versatile and effective egg predators and are
considered to be amongst the most intelligent birds (Santisteban
et al. 2002; Marzluff and Angell 2007; Izawa and Watanabe
2011). Their adaptability, along with increasing food availability,
has contributed to substantial increases in population size of
some corvids (Barrett et al. 2003; Brook et al. 2003). This
increased abundance has resulted in an increase in the rate of
egg depredation, threatening some prey species such as the
marbled murrelet (Brachyramphus marmoratus) (Peery and
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Henry 2010). A few studies report corvids preying on eggs from
nests in trees or on the ground (Schaefer 2004; Demers and
Robinson-Nilsen 2012), but no published study has yet provided
evidence for corvids systematically and extensively depredating
eggs from subterranean nests.
Our study was initiated after observations of a corvid species,
the little raven (Corvus mellori, hereafter ‘ravens’ or ‘little
ravens’) raiding burrows of little penguins (Eudyptula minor,
hereafter ‘penguins’ or ‘little penguins’) on Phillip Island, south-
eastern Australia (Nakazawa 2004; Swinburne and Jessop
2005). This little penguin colony is one of the largest in
Australia and is a major ecotourism attraction, hence threats to
this population are of conservation signiﬁcance as well as
economic importance (Sutherland and Dann 2014). If raven
predation rates were to be sufﬁciently high, this could suppress
breeding productivity and subsequent recruitment, thereby
compromising the viability of the penguin population.
Accordingly, the main objective of this study was to measure
the rate of penguin egg depredation by ravens to determine the
severity of the threat.
Penguin burrows vary in structure, and some characteristics
may mitigate the vulnerability to raven attack. Moreover, burrow
characteristics may alter conspicuousness or penetrability,
affecting the way ravens access eggs in burrows (Nakazawa
2004). Thus, our second aim was to examine whether burrow
characteristics were associated with the risk of clutch loss.
Observations of raven behaviour within the penguin colony
suggest ravens may access penguin eggs using two modes of
attack: (1) through the burrow entrance; or (2) by digging
through the roof of the burrow (Nakazawa 2004). A greater
understanding of how ravens access eggs within burrows using
these two modes – as well as differences in characteristics of
burrows associated with different modes of attack – may lead
to possible management solutions. For example, management
options such as the use of physical barriers to obstruct the
accessibility of penguin eggs through the burrow roof could be
more efﬁciently adopted with the identiﬁcation of potential
burrow characteristics. Hence, our third aim was to examine
whether burrow characteristics were associated with different
modes of raven attack.
Methods
Study site
The penguin colony was located on the Summerland Peninsula,
on the western end of Phillip Island, south-central Victoria,
Australia (146 2200 E, 38 040 S). The colony encompassed
both the southern and northern coastal belts of the peninsula
(Sutherland and Dann 2014). Two unmonitored areas of the
penguin colony along the southern coastal belt (Fig. 1) were
chosen as the study site because burrows of all other monitored
areas of the colony were marked using stakes, which would
potentially attract ravens and other birds to burrows. The
landscape was dominated by open succulent herblands with
bower spinach (Tetragonia implexicoma), seaberry saltbush
(Rhagodia baccata) and rounded noon-ﬂower (Disphyma
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Fig. 1. Map of the study site on the Summerland Peninsula, Phillip Island, south-eastern Australia.
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crassifolium) that covered extensive areas around the coast,
transitioning to dense tea tree (Leptospermum laevigatum)
woodland interspersed with tussock grassland (Poa poiformis)
further inland (Kemp and Dann 2001). The peninsula was also
inhabited by a breeding population of ravens (Swinburne and
Jessop 2005). A few anecdotal observations of ravens preying on
eggs of little penguins have been reported in the past from this
penguin colony (Nakazawa 2004; Swinburne and Jessop 2005).
Although a systematic study to determine the rate of penguin
egg depredation by ravens has not (until now) been conducted,
the frequency of observations of egg depredation has been
observed to have increased over the past decade (P. Dann
2015, pers. obs.).
Camera trap deployment and burrow monitoring
Penguin breeding areas were searched by examining burrows
for eggs and incubating adults during the breeding season from
September to December 2013. Burrows with two attended eggs
(complete clutches) were monitored with remote-sensing day/
night Scoutguard (HCO Outdoor Products, Norcross, USA)
camera traps (5 MP ultra compact digital scouting/trail camera,
DTC-530 V), which was stationed 2–3 m from the entrance of
the burrow. Camera traps were deployed on every second burrow
with an incubating adult. The remaining burrows (controls)
were monitored via direct observation to determine whether
the presence of camera traps near burrows affected the rate
of depredation. The cameras were set to high sensitivity and
conﬁgured to capture three images at 1-second intervals, with
the interval between triggers and inactive period set to 1 second.
Camera traps were encased in camouﬂaged plastic containers
mounted on a short stake ~200 mm above the ground to
maximise concealment from predators.
Each burrow was monitored weekly from the day that two
eggs were detected until the eggs were depredated, or until the
eggs hatched and chicks were at least 2 weeks old (large enough
to defend themselves; Kemp and Dann 2001). Camera traps
were checked weekly for images, and control burrows (those
without camera traps) were inspected for signs of depredation.
Images were coded to determine the number of days from
deployment to the ﬁrst raven visit to the burrow, for evidence
of egg depredation and to record the mode of attack (if any)
adopted by ravens. The ﬁrst day of raven visit was when a
raven, or pair of ravens, visited the burrow and showed
interest by either thrusting their head through the burrow
entrance or inspecting the burrow by walking around it. The
fate of clutches was coded as ‘preyed upon’ when the ravens
depredated at least one of the two eggs or as ‘survived’ if the
eggs hatched and chicks reached the age of two weeks. Mode of
attack was also coded as through the entrance (hereafter ‘entry
attack’) or through digging a second entrance to access the nest
(hereafter ‘digging attack’).
Burrow characteristics
Burrow characteristics were measured at the time of burrow
discovery to identify any factors that may predispose burrows
to loss of eggs from raven attack. Detectability of penguins by
ravens may increase with larger areas of bare ground and
white faecal excretions of penguins (hereafter ‘whitewash’).
Little ravens detect eggs by sight rather than smell (Ekanayake
et al. 2015a). Thus, we measured the area of bare ground and
whitewash at the burrow entrance (Table 1).
In addition, the following burrow characteristics were also
measured due to their potential to limit raven access to eggs
after detection: (1) maximum width and height of burrow
entrance; (2) thickness of burrow roof at the entrance; (3)
length of burrow tunnel; (4) curvature of tunnel; and (5)
species of vegetation above the burrow (Table 1). The
thickness of burrow roof and the vegetation above the burrow
could inﬂuence the penetrability of the nest from above, while
larger entrances and straighter tunnels could facilitate raven
access to the eggs via the entrance.
Statistical analyses
All model selection analyses were conducted in R (version 3.1.2)
using the ‘glm’ function within the ‘stats’ package (R Core Team
2015). The burrow characteristics of preyed upon and survived
clutches were highly correlated (r values: 0.7 – 0.9). Therefore,
a generalised linear model (GLM) or a similar approach was
deemed inappropriate because highly correlated predictor
variables can give rise to unstable parameter estimates (Crawley
2007). Moreover, when a GLM was attempted, owing to the
complete separation in the burrow characteristics between
Table 1. Burrow characteristics (variable names used in analyses) of little penguins on Phillip Island, measured when monitoring of each burrow
began
Methods and precision of measurement for each characteristic are also presented
Burrow characteristic Method of measurement Precision/categories
Area of bare ground at burrow entrance (BareGround) Estimated using a laminated 0.01 m2 piece of paper To nearest m2
Area of whitewash at burrow entrance (Whitewash) Estimated using a laminated 0.01 m2 piece of paper,
subsequently dividing into three categories
low/medium/high
Width of burrow entrance (Width) Measuring tape To nearest 10 mm
Height of burrow entrance (Height) Measuring tape To nearest 10 mm
Thickness of burrow roof at entrance(Thickness) Clinometer to measure slope of burrow and habitat,
then trigonometry
To nearest 10 mm
Length of burrow tunnel (Length) Measuring tape To nearest 10 mm
Curvature of burrow tunnel (Curvature) Visual examination of curvature by viewing the
burrow from front
curved/straight
Species of vegetation above the burrow (Vegetation) Identiﬁed the dominant species of vegetation above
the burrow, resulting in four categories
bower spinach/seaberry saltbush/
grass/rounded noon-ﬂower
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preyed upon and survived clutches in burrows, the GLM failed
to converge. Thus, a multidimensional scaling (MDS) approach
was then adopted because it dealt with data from correlated
variables and provided meaningful underlying dimensions to
help explain and visualise observed similarities or dissimilarities
(Clarke 1993). Patterns of burrow characteristics for clutches
that were either preyed upon or survived were visualised with
non-metric MDS plots based on Euclidean resemblance matrices
in PRIMER (version 6) (Clarke 1993). All continuous variables
(burrow characteristics) were normalised via log-transformation.
The burrow characteristics of clutches that were preyed
upon using the two modes of attack were not highly correlated
with each other (r values: 0.2–0.5). Consequently, we
modelled the inﬂuence of burrow characteristics on the two
modes of attack using GLMs. The categorical response
variable ‘entry attack’/‘digging attack’ was modelled as a
binomial distribution using logistic regression against the
thickness of burrow roof at the entrance and length of burrow
tunnel (continuous variables) and curvature of the tunnel
(categorical variable with two levels; ‘curved’ or ‘straight’)
because these characteristics were thought to inﬂuence the
mode of attack. All two-way interaction terms of the above
three characteristics were also included in the models. An
information-theoretic approach was used to assess support for
candidate models, including all combinations of predictor
variables (Burnham and Anderson 2002). Models were ranked
using Akaike’s information criterion adjusted for small samples
(AICc). We used model averaging of parameter estimates to
provide estimates of the strength, direction and uncertainty of
parameters. Model averaging was undertaken using the
MuMIn package (Barton 2015) in R (R Core Team 2015). All
results are presented as means standard error (s.e.).
Results
The rate of penguin egg depredation by ravens
Within the study areas, 216 burrows with adults incubating
eggs were located and monitored to determine the fate of
clutches until chicks reached two weeks of age. Camera traps
were deployed at 108 burrows. In total, 79 clutches in burrows
were not attacked by ravens and 124 clutches were deemed to
have been preyed upon by ravens. Thirteen clutches monitored
by camera traps were abandoned and hence were excluded from
the analysis. The presence of a camera in front of a burrow
had no inﬂuence on the probability of depredation (generalised
linear model; z = 1.448, d.f. = 1, 201, P = 0.14).
Overall, clutches in 61.1% of burrows (n = 203) were
depredated, including 65.7% of control burrows (n = 108) and
55.8% of camera-monitored burrows (n = 95). Depredation of
hatchlings (1–3 days old) was also detected in 2.1% of camera-
monitored burrows. Ravens were the only egg predator detected
by camera traps and all attacks occurred during daylight hours.
Burrows that were monitored using cameras showed evidence
of regular raven visitation regardless of the fate of the clutch.
Even though 44.2% of these clutches survived (n = 95), 97.6%
of those burrows were still frequently visited but not attacked
(every 20.4 1.2 h) by ravens. Of the burrows monitored by
camera traps, 65.3% were visited by a raven within 10 days
after the clutch was discovered and monitoring commenced.
Burrow characteristics associated with the risk
of clutch loss
MDS revealed clear separation of burrows into two types: one
that experienced egg loss to ravens, and one that did not (Fig. 2).
Examination of raw data showed a clear distinction in burrow
characteristics between clutches that were preyed upon and
those that survived (Fig. 3). The burrows with clutches that
were preyed upon by ravens had wider and higher entrances,
thinner soil or vegetation layer above the egg chamber, shorter
and curved tunnels, larger areas of bare ground and whitewash
near entrances. They were also covered predominantly by bower
spinach.
Burrow characteristics associated with modes
of raven attack
Once initiated, all raven attacks were successful. Camera images
and direct observations provided evidence of the two modes of
attack adopted by ravens when preying upon penguin clutches.
The ﬁrst mode, termed ‘entry attack’, involved accessing the
eggs through the entrance of the burrow (25% of attacks,
n = 124). In this mode, a single raven carried out the attack by
visiting the burrow frequently for 4–10 days before the day of
depredation. It repeatedly thrust its head through the burrow
entrance while the adult penguin defended its eggs. On the day
of depredation, the raven thrust its head through the burrow
entrance and harassed the adult penguin until defence failed.
The raven consumed the eggs outside the burrow (87.2% of
31 attacks) leaving egg shell remains as detectable signs of
depredation, or ﬂew away with the egg in its beak. No signs
of destruction of the burrow were evident except in some
instances when the entrance was widened (Fig. 4). The burrow
was subsequently abandoned by the penguins; presumably the
widened entrance rendered it unusable.
2D Stress: 0.07
Fig. 2. Multidimensional Scaling (MDS) plot of burrow characteristics
(area of bare ground and whitewash near burrow entrance, width and
height of entrance, thickness of roof at entrance, length and curvature of
burrow tunnel, and species of vegetation above burrow) of little penguins on
Phillip Island. The plot shows a clear distinction between characteristics of
clutches that were preyed upon by ravens (triangles) and those that survived
(squares).
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Thesecond mode, termed ‘digging attack’, involved accessing
the eggs by digging through the roof of the burrow (75% of
attacks, n = 124). This was carried out by either a pair of ravens
(84.2% of these attacks) or by a single raven. Ravens visited the
burrow frequently for 7–15 days before depredation. On the
initial day of attack, they thrust their heads through the burrow
entrance and then started digging through the roof of the burrow
over 4–7 days, penetrating the vegetation and/or soil layer to
access the nest with eggs. On the day of depredation, the pair of
ravens acted together – one digging into the burrow while the
other kept harassing the adult penguin through the entrance. In
the case of depredation by a single raven, it kept digging into
the burrow while harassing the adult penguin through the
excavated hole. This process continued until the penguin’s
nest defence failed and eggs were preyed upon. The ravens
consumed the eggs outside the burrow on most occasions
(90.2% of 93 digging attacks) and remains of egg shell were
sighted near the burrow. The burrow was subsequently
abandoned; presumably the wide hole left in the roof of the
burrow rendered it unusable (Fig. 4).
Differences in burrow characteristics between entry and
digging attacks were modelled using generalised linear models
with a total of 64 possible models considered. The two top-
ranked models included length of burrow tunnel and curvature
of tunnel (models withDi< 2; Table 2). The best model contained
only the length of burrow tunnel (d.f. = 2, r2 = 0.34, wi = 0.33;
Table 2). However, since there was not a single model with
overwhelming support (i.e. wi> 0.9), we calculated averaged
estimates of coefﬁcients and standard errors by model
averaging. Model averaging provided further evidence for the
signiﬁcance of length of burrow tunnel (c = –0.43 0.23,
z = 1.58) in explaining the mode of attack adopted by ravens,
but provided only weak evidence for curvature of burrow tunnel
(c = –0.05 2.99, z = 0.02).
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Fig. 3. Differences in little penguin burrow characteristics on Phillip Island, between clutches that were preyed upon
by little ravens and those that survived. Boxes display the ﬁrst quartile, median, and third quartile and the whiskers
display the minimum and maximum distribution of data of burrow characteristics.
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Examination of raw data revealed that the mean length of
tunnels for burrows subjected to entry attacks (156.4 7.0 mm)
was shorter than burrows subjected to digging attacks (222.3
4.0 mm). Burrows that tended to be attacked by entry attack
mode possessed both curved and straight tunnels, 48.4% and
51.6% of burrows respectively (n = 31) whereas most burrows
that experienced a digging attack had curved tunnels (89.2%,
n = 93). For entry attacks, the mean thickness of burrow roofs
was slightly thinner (109.5 3.0 mm) than for digging attack
mode (116.0 2.0 mm). Most burrows in which clutches were
preyed upon were located beneath bower spinach (86.3%,
n = 124) with 77.6% of these clutches subjected to digging attacks.
Discussion
Little ravens were the only predator detected by cameras and
they constituted the major source of mortality of little penguin
eggs, preying on clutches in 61% of burrows. The high rate of
clutch loss reported here is unprecedented and higher than
previously reported in this colony (Nakazawa 2004). This is
the ﬁrst study to systematically explore the egg-predatory
behaviour of little ravens and its impact on burrow-nesting
little penguins. Worldwide, corvids have been identiﬁed as
major egg predators of surface and tree-nesting birds but not
of burrow-nesting birds (Luginbuhl et al. 2001; Nemec and
Fuchs 2014). A key beneﬁt of nesting underground is that it
(a) (b)
(c)
KeepGuard 10–02–2013 09:14:58
10–13–2013 16:28:38
10–10–2012 14:05:05 10–10–2012 14:21:55
09–24–2013 12:18:43
10–22–2013 10:49:15
KeepGuard
KeepGuard
KeepGuard
KeepGuard
KeepGuard
(d)
(e) (f )
burrow
entrance
burrow
entrance
raven
burrow
entrance
burrow
entrance
widened burrow
entrance
raven
burrow
entrance
hole
raven
ravenraven
Fig. 4. Examples of different little penguin burrow types and modes of little raven attack captured by camera traps on
Phillip Island: (a) a burrow in which the clutch survived (short and narrow entrance, small areaof bare ground at entrance,
long straight tunnel etc.); (b) a burrow in which the clutch was preyed upon (wide entrance, bower spinach vegetative
cover, short curved tunnel etc.); (c) raven thrusting head through entrance of burrow (‘entry attack’); (d) raven preying on
egg taken through the hole on the right made by the ‘digging attack’ mode (burrow entrance on left); (e) raven in the
process of widening the burrow entrance for an ‘entry attack’; and (f) raven preying on egg taken through the entrance
widened by the ‘entry attack’ mode.
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can provide protection from avian predators (Regehr et al. 1998;
Stokes and Boersma 1998), although burrow-nesting birds may
suffer egg depredation from mammalian and reptilian predators
(Igual et al. 2006; VanZandt et al. 2014; Buxton et al. 2015). Of
the few studies that report corvids preying on eggs of burrow-
nesting birds (Hudson 1982; Blight et al. 1999), none report
substantive depredation.
Burrow characteristics associated with the risk
of clutch loss
Burrows in which clutches were preyed upon had characteristics
that likely aided prey detection and access by ravens, such as
area of bare ground and area of whitewash at the burrow entrance.
These characteristics may provide aerial predators with visual
cues of the likely contents of the burrow. Corvids forage using
mainly visual cues (Santisteban et al. 2002; Ekanayake et al.
2015a) and an incubating parent on a nest is thought to provide
a visual cue to the presence of eggs or young (Amat and Masero
2004). For burrow-nesting birds, this visual cue is mostly absent
because the incubating adult is concealed within the burrow.
Corvids in this study appeared to determine the presence of an
incubating adult and/or eggs by associating other visual cues
relating to activity in the burrow, such as areas of whitewash
and bare ground at the burrow entrance, which were signiﬁcantly
larger in burrows with preyed upon clutches. Ravens also
actively searched burrows, and frequently visited and revisited
burrows in which breeding penguins occurred.
Shorter burrows with larger entrances experienced higher
rates of predation, which may have been due to the accessibility
ofeggs. AstudyonMagellanicpenguin (Spheniscusmagellanicus)
nest-site characteristics revealed that the amount of cover on
the roof and the height of nest entrance was an important
determinant of egg loss to avian and mammalian predators.
However, in contrast to this study, the width of nest entrance
and length of tunnel did not inﬂuence the fate of eggs (Stokes
and Boersma 1998). Numerous other studies on surface-nesting
bird species reveal the importance of nest cover, as it reduces
the risk of egg loss to predators (Dwernychuk and Boag 1972;
Sugden and Beyersbergen 1987).
Burrow characteristics associated with modes
of raven attack
The modes of attack adopted by ravens in this study have not
been described elsewhere in detail. The entry attack mode mostly
involved burrows with shorter, non-curved tunnels where the
incubating adult or eggs could be sighted when viewed through
the entrance of the burrow. Potentially, a visual cue becomes
available as soon as the raven visits the burrow and views the nest
through the burrow entrance. The digging attack mode occurred
mostly in burrows with longer curved tunnels where the
incubating adult or eggs were not easily visible. The location
of potential prey in burrows by ravens in this mode was likely
achieved by repeatedly thrusting their heads through the
entrance of the burrow. It might be that digging attacks are
initiated only after a failed entry attack. Accessing eggs by
digging reﬂects ‘object permanence’ (understanding that
objects continue to exist even when they cannot be observed)
and ‘associative learning’ (when an association between two
stimuli, or between a behaviour and a stimulus, is learned).
These behaviours have been demonstrated by numerous other
corvids (Emery and Clayton 2004; Ujfalussy et al. 2013), where
a cognitive association is formed between non-egg cues and the
presence of eggs. The digging attack mode also reﬂects an ability
to manipulate the environment, using their robust beaks and feet
to engineer an access portal to the eggs. The use of tools to access
prey has been reported in corvids (Emery and Clayton 2004;
Marzluff and Angell 2007); however, substantial tunnelling or
excavating to access prey has, to our knowledge, not been
previously reported.
Implications for conservation, and future research
Corvids aggregate near colonies of surface and tree-nesting
birds to prey on eggs and chicks (Maccarone 1992; Kazama
and Watanuki 2010; Ekanayake et al. 2015b). In Australia,
reports and anecdotal observations provide ample evidence of
little ravens preying on eggs of surface-nesting species, such as
the red-capped plover (Charadrius ruﬁcapillus) (Cardilini et al.
2012), hooded plover (Thinornis rubricollis) (Weston and Elgar
2007) and Australasian gannet (Morus serrator) (L. Angel 2013,
Table 2. Model selection results for the inﬂuence of burrow characteristics on the mode of attack adopted by little ravens in preying upon little
penguin clutches on Phillip Island
k = number of parameters; AICc = AIC values adjusted for small sample sizes; Di = Delta AICc, i.e. the difference in AICc value with previous model;
wi = model weight; r2 = test statistic. Only models with Di< 10 are presented
Model k AICc Di wi r2
Length 2 92.17 0.00 0.33 0.34
Length + Curvature 3 93.15 0.98 0.20 0.35
Length + Thickness 3 94.27 2.10 0.12 0.34
Length + Curvature + Thickness 4 95.22 3.05 0.07 0.35
Length + Curvature + LengthCurvature 4 95.28 3.11 0.07 0.35
Length + Thickness + LengthThickness 4 95.90 3.73 0.05 0.34
Length + Curvature + Thickness + CurvatureThickness 5 95.92 3.75 0.05 0.35
Length + Curvature + Thickness + LengthThickness 5 97.02 4.85 0.03 0.35
Length + Curvature + Thickness + LengthCurvature 5 97.38 5.21 0.02 0.35
Length + Curvature + Thickness + LengthThickness + CurvatureThickness 6 98.00 5.82 0.02 0.35
Length + Curvature + Thickness + LengthCurvature + CurvatureThickness 6 98.00 5.83 0.02 0.35
Length + Curvature + Thickness + LengthCurvature + LengthThickness 6 99.22 7.05 0.01 0.35
Length + Curvature + Thickness + LengthCurvature + LengthThickness + CurvatureThickness 7 100.14 7.96 0.01 0.35
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pers. comm.). The incidence of little ravens preying on burrow-
nesting penguin eggs reveals that the niche in which they operate
may be broader and more ﬂexible than previously understood, or
has increased in signiﬁcance relatively recently. In fact, it has only
been observed in the last 15 years of a 45 year study of penguins
on the Summerland Peninsula (P. Dann 2015, pers. obs.). The
implications of expanding niche breadth of ravens may also be
applicable to corvids worldwide as their populations increase,
thriving in anthropogenic landscapes (Brook et al. 2003;
Marzluff and Angell 2007). As one of the most intelligent
groups of birds with high capacity for cultural learning
(Marzluff and Angell 2007; Izawa and Watanabe 2011), the
exploitation of this subterranean niche may pose a threat to
some already threatened burrow-nesting prey species.
The loss of recruitment of young penguins caused by the
high rate of depredation discovered in this study is of concern
for one of the largest known populations of little penguins, and
potentially for its associated social and economic beneﬁts (Dann
and Chambers 2013). The emergence of a common native
predator of eggs and hatchlings has raised alarms. Introduced
predators such as red fox (Vulpes vulpes) and feral cats (Felis
catus) have already had an impact on the penguin population
and are being managed at present (Kirkwood et al. 2005;
Kirkwood et al. 2014; Rout et al. 2014). Population viability
models that examine the inﬂuence of the observed high predation
rate on penguin population growth are required. Moreover,
future research into effective methods of managing predatory
behaviour of ravens is warranted.
Several methods already exist to manage the depredation of
eggs by ravens. Aversive conditioning of corvids has been
trialled successfully (Cox et al. 2004; Gabriel and Golightly
2014) but the applicability of this approach to little ravens, or
in the context of a penguin colony, remains untested. The culling
of corvids has been successful at reducing predation rates in the
short-term (Bodey et al. 2009; Fletcher et al. 2010) but further
research is warranted to determine its effectiveness in the long-
term. Other management methods aimed directly at protecting
burrows from raven attack, such as deploying protective physical
barriers over burrows (L. Renwick 2013, pers. comm.), and
providing artiﬁcial nest boxes (Sutherland et al. 2014), have
been trialled with mixed success. These methods may only
prevent digging attacks and are labour intensive and intrusive.
As corvids are widespread and the opportunity for cultural
learning remains, effectively managing the impact of ravens
on little penguins in the system described here could assist
other colonies of burrow-nesting seabirds that may be suddenly
subject to intense corvid egg depredation.
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Abstract Egg predation is a major cause of reproductive failure among birds, and can compromise the viability
of affected populations. Some egg predators aggregate near colonially breeding birds to exploit the seasonal increase
of prey resources.We investigated spatial and temporal variations in the abundance of an egg predator (little raven
Corvus mellori; Corvidae) to identify whether ravens aggregate spatially or temporally to coincide with any of three
potential prey species: burrow-nesting little penguin (Eudyptula minor; Spheniscidae), short-tailed shearwater
(Ardenna tenuirostris; Procellariidae), and surface-nesting silver gull (Chroicocephalus novaehollandiae; Laridae).We
derived spatially explicit density estimates of little ravens using distance sampling along line transects throughout
a calendar year, which encompassed little penguin, short-tailed shearwater and silver gull breeding and non-
breeding seasons. High raven abundance coincided temporally with penguin and gull egg laying periods but not
with that of shearwaters.The spatial distribution of raven density corresponded with the little penguin colony but
not with shearwater or gull colonies.Thus, the presence of little penguin eggs in burrows correlated strongly with
little raven activity, and this implies that little ravens may have learnt to exploit the plentiful subsurface food
resource of little penguin eggs. Corvid management may be required to maintain the viability of this socially and
economically important penguin colony.
Key words: aggregate, egg predation, little penguin, little raven, management, Phillip Island.
INTRODUCTION
Some predators target seasonal or temporal increases
in prey abundance, aggregating in areas and at times to
coincide with abundant prey resources (Clua &
Grosvalet 2001; Matthews et al. 2011; Barnett &
Semmens 2012). Investigating these spatial and tem-
poral movement patterns of predators is important in
understanding predator–prey relationships and the
potential inﬂuence of predators on prey populations
(Clua & Grosvalet 2001; Barnett & Semmens 2012).
Egg predators, in particular, can aggregate at breeding
bird colonies to exploit the seasonal abundance of eggs
and hence, inﬂuence the reproductive output of prey
species (Peery & Henry 2010; Massaro et al. 2013).
Excessive predation from invasive and/or superabun-
dant egg predators can lead to reduced population
viability and heightened extinction risk for prey species
(Peery & Henry 2010; Massaro et al. 2013).
Excessive predation has been an emergent problem
over the past few decades especially with regard to
corvids, as their populations have increased worldwide
and as evidence mounts of their egg predatory behav-
iour (Marzluff et al. 2001; Lim et al. 2003; Peery &
Henry 2010). Corvids (family Corvidae, a group of
omnivorous birds that include crows, ravens, jays and
magpies) are efﬁcient and conspicuous egg predators
(Schaefer 2004; Wallander et al. 2006; Gabriel &
Golightly 2014; Rees et al. 2015). Their intelligence
and generalist diet contribute to their ability to thrive in
many landscapes (Seed et al. 2009).Corvids have dem-
onstrated the ability to learn from conspeciﬁcs, and this
cultural learning underpins rapid foraging adaptations
and diet shifts (Midford et al. 2000; Sonerud et al.
2001; Holzhaider et al. 2010).They can move consid-
erable distances to exploit spatial and temporal varia-
tion in food availability (Marzluff & Neatherlin 2006).
Where surface-nesting bird species nest colonially,
corvids can aggregate and prey heavily on eggs (Ewins
1991; Kelly et al. 2005).While above-surface eggs have
been commonly recorded as corvid prey, a few studies
provide only anecdotal evidence of corvids preying on
eggs of burrow-nesting birds (Hudson 1982; Blight
et al. 1999; Swinburne & Jessop 2005).
Phillip Island in south-eastern Australia is a signiﬁ-
cant breeding site for the little penguin (Eudyptula
minor; Spheniscidae) (hereafter ‘penguins’ or ‘little
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penguins’) and short-tailed shearwater (Ardenna
tenuirostris; Procellariidae) (hereafter ‘shearwaters’),
and these seabird colonies are of economic importance
as ecotourism attractions (Dann & Chambers 2013).
Little ravens (Corvus mellori; Corvidae) (hereafter
‘ravens’or ‘little ravens’) have been observed preying on
eggs of these burrow-nesting seabirds, especially of
penguins (Nakazawa 2004; Swinburne & Jessop 2005;
K. B. Ekanayake, unpubl. data, 2015). Apparent ﬂuc-
tuations in raven abundance near these colonies sug-
gested a possible aggregation of the egg predator to
exploit seabird eggs. This prompted an investigation
into spatial and temporal patterns in abundance of
ravens whichwould indicate whether ravens congregate
to exploit seabird eggs or chicks of one or more prey
species.The breeding grounds of the penguins partially
overlap with the breeding grounds of shearwaters as
well as a surface-nesting silver gull (Chroicocephalus
novaehollandiae; Laridae) (hereafter ‘gulls’) colony.
Eggs of any of these species represent potential food
sources for corvids (Ewins 1991; Kazama & Watanuki
2010).The egg laying periods of penguins and gulls (L.
Renwick, unpubl. data, 2015) coincide but both
precede that of the shearwaters (Serventy et al. 1971;
Marchant & Higgins 1990; Carey 2011a,b).Therefore,
we tested the alternative hypotheses that raven abun-
dance increased with the availability of eggs and young
chicks of penguins, shearwaters or gulls as distin-
guished by the temporal and spatial patterns of raven
abundance at the site (Table 1).
METHODS
Data collection
Survey area and survey design
Summerland Peninsula, on the western end of Phillip Island,
Victoria, south-eastern Australia (38° 04′S, 146° 22′E), hosts
a large breeding colony of little penguins, a series of colonies
of shearwaters, and a colony of gulls.The landscape is domi-
nated by open succulent herb lands that cover extensive areas
from the coast inland, to dense tea tree Leptospermum
laevigatum woodland interspersed with grassland Poa
poiformis in the centre (Kemp & Dann 2001; Sidhu et al.
2007). Distance sampling was conducted along 15 parallel
transect lines (total 13.7 km), systematically spaced 200 m
apart in a north–south direction to ensure even coverage of
the study area (2.44 km2) (Fig. 1). Transects were spaced
sufﬁciently apart from each other to avoid double counting of
birds.
Transect observations were conducted between 0800 h
and 1600 h by the same observer (KE) on the 15th and
16th of each month from October 2012 to September
2013. This period overlapped with the latter stages of the
2012 breeding season and the early stages of the 2013
breeding season of penguins and gulls, and the 2012 breed-
ing season of shearwaters. The penguin breeding season
occurred from late August to December with egg laying
peaking during September–October and incubation for
about a further 35 days (Marchant & Higgins 1990; Nisbet
& Dann 2009). During the study, egg laying peaked for
gulls from September to mid-October (with incubation for
about a further 24 days; Wheeler & Watson 1963, Higgins
& Davies 1996), although the peak of egg laying in most
years occurs in September (L. Renwick, unpubl., 2015).
The shearwater breeding season occurred from late
November to January with egg laying peaking during 25–30
November and incubation for about a further 53 days
(Serventy et al. 1971; Marchant & Higgins 1990; Carey
2011a). The peak of egg laying in shearwaters and gulls is
more synchronised than that of penguins (Nisbet & Dann
2009), so here we report the proportion of penguin nests
with eggs for each month as a more accurate measure of
penguins’ peak egg laying period. The penguin and gull
breeding seasons occurred from late August to December
with incubation during September and October, and the
shearwater breeding season from late November to Febru-
ary with incubation during December and January. The
transects also captured the latter stages of the 2012 and
early stages of the 2013 raven breeding seasons which
occurred from August to November. Transects were con-
ducted on foot in the middle of each month, regardless of
weather conditions.
Table 1. Four non-mutually exclusive hypotheses, and predicted outcomes to explain changes in little raven abundance,
distribution and social behaviour (group size) in relation to availability of seabird nests as a food resource, on Summerland
Peninsula, Phillip Island, south-eastern Australia
Observation
Alternative hypotheses
Penguin eggs drive raven
abundance
Shearwater eggs drive
raven abundance
Silver gull eggs drive
raven abundance
Raven nesting is
associated with raven
abundance
Raven
abundance
High during penguin egg
incubation
High during shearwater
egg incubation
High during silver gull
egg incubation
High during raven
breeding season
Spatial
distribution
Overlaps with penguin
nesting areas
Overlaps with shearwater
nesting areas
Overlaps with silver gull
nesting areas
Corresponds spatially
with nesting areas
Group size Bigger during penguin
incubation period
Bigger during shearwater
incubation period
Bigger during silver gull
incubation period
Smaller during raven
breeding season
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Sightings
Once a raven or group of ravens was detected (hereafter
‘group’ i.e. ≥2 birds), the time of day, position of the
observer along the transect, size of group, distance from
transect to mid-point of the group and angle from the
group to the transect line, initial behaviour (see below)
and the vegetation class in which the group was
detected (see below) were recorded. Distances were meas-
ured using a laser Rangeﬁnder (Bushnell Elite 1600),
and the angles were measured using a compass. The per-
pendicular distances to the transect line were then
calculated.
Initial behaviours of ravens were divided into four
categories: (1) ﬂying; (2) walking (birds walking on the
ground while foraging, calling or interacting); (3) perching
(birds stationary, perched on an elevated location above
ground while foraging, calling or interacting); and (4)
nesting (birds involved in nesting behaviours such as
courtship, nest building, incubating or chick rearing). Veg-
etation was divided into three broad classes: (i) grassland
(open landscape with excellent visibility dominated by
herbs and grass); (ii) patchy woodland (sparse landscape
with moderate visibility dominated by grass interspersed
with woody vegetation); and (iii) dense woodland
(dense landscape with low visibility dominated by woody
vegetation).
Potential prey and habitat data
To investigate the inﬂuence of potential prey resources
(seabird eggs) and habitat variables on raven abundance,
data on proximity to seabird nests and habitat features were
collated throughout the study area.ArcMap 10.1 was used to
extract minimum distances to roads, freshwater sources and
nests (of penguin, shearwater, gull and raven) for each sight-
ing of ravens.The proportion of nests with penguin eggs was
calculated based on nest monitoring records (Sutherland &
Dann 2014).The egg laying period of shearwaters and gulls
was inferred from previous studies (Serventy et al. 1971;
Marchant & Higgins 1990; Carey 2011a) and from records
of systematic transect surveys, respectively (L. Renwick,
unpubl. data, 2015). The different habitats traversed by
transects in the peninsula were categorised based on the
Ecological Vegetation Classes (EVC) layer (deﬁned in
Department of Environment Land Water and Planning
2005) (Oates & Frood 2011). Surveys were also conducted
to monitor raven nests and breeding activity throughout the
period that transects were conducted.
Fig. 1. Map of the study site on Summerland Peninsula, Phillip Island, south-eastern Australia.
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Data analysis
Data organisation
The study area was divided into 3040 grid cells (50 × 50 m).
The sampling transects overlapped many of these grid
cells. The sections of the sampling transects that overlapped
grid cells were termed ‘segments’ and they were given the
values of covariates for each corresponding grid cell. It was
assumed that there would be little variability in potential prey
and habitat features within each cell.
Spatial modelling of raven densities
Model-based density estimation involved ﬁve steps: (i) the
best-supported detection function was determined from the
distance data and habitat covariates that could affect detec-
tion probability (see below); (ii) the number of groups of
birds in each segment was estimated through the Horvitz–
Thompson estimator (Horvitz & Thompson 1952; Borchers
et al. 1998); (iii) the estimated number of groups of birds in
each segment was then modelled using generalised additive
models (GAM) as a function of potential prey and habitat
covariates (see above); (iv) the sizes of groups were modelled
as a function of detection probabilities and of potential prey
and habitat covariates; and (v) the number of ravens was
estimated from the product of steps (iii) and (iv) and
extrapolated to all the grid cells in the study area by predict-
ing from the model to obtain the ﬁnal density estimates of
birds in each of the 3040 grid cells. The ﬁnal density esti-
mates of all grid cells were then added together to obtain the
total raven abundance for each month.The method of ﬁtting
separate models for number of groups and group sizes (steps
(iii) and (iv), respectively) was based on the two-step method
described by Cañadas and Hammond (2006).
Estimation of detection function
All sightings were used to estimate the detection function,
using the multiple covariate distance sampling method in
DISTANCE 6.0 release 2 (Thomas et al. 2010). Categorical
variables included were: vegetation class with three levels
(grass/patchy/woodland) and month with 12 levels.The con-
tinuous variable included was group size. These variables
were assumed to be most inﬂuential in the detectability of
ravens and thus were considered for inclusion in estimating
the detection function. The detection function distributions
considered were half normal and hazard rate, with series
expansions of simple polynomials (four adjustment terms),
cosine (two adjustment terms) and hermite polynomials
(four adjustment terms).The selection of the best detection
function was based onAkaike’s Information Criterion (AIC).
Estimation of number of groups per segment
The estimated number of groups of ravens in each segment
instead of the actual counts of ravens was used as the
response variable in spatial models, modelling the number of
groups of ravens (Hedley et al. 1999). They were estimated
through the Horvitz–Thompson estimator (Horvitz &
Thompson 1952), where the probability of detection was
obtained from the detection function ﬁtted to the data
(Cañadas & Hammond 2006).
Modelling number of groups and group size
The number of raven groups and group size may be inﬂu-
enced by the proximity to natural (e.g. bird eggs) and
anthropogenic (e.g. road kills) sources of food (Guinard et al.
2012; Rees et al. 2015). Corvids also make seasonal move-
ments (Marzluff & Neatherlin 2006) and exhibit habitat
preferences (Bui et al. 2010). Thus, for both number of
groups and group size models, the potential explanatory
variables used were additive combinations of: distance to the
closest freshwater source, distance to the closest road,
minimum distances to penguin, shearwater, gull and raven
nests, proportion of penguin nests with eggs for each month,
EVC (classiﬁcation of habitat type in a given grid cell) and
the continuous variable of month.To detect a change in the
spatial distribution of the number of raven groups and group
size across the year, interaction terms between month and
minimum distances to penguin, shearwater, gull and raven
nests were also included in the models.
The number of groups was modelled using a GAM with a
maximum of three knots and a logarithmic link function. A
Poisson error distribution was not considered appropriate for
the response variable due to over-dispersion in the data.
Therefore, a negative binomial distribution was used with the
variance proportional to the mean. Models were ﬁtted in R
(version 3.0.3) (http://cran.r-project.org) using package mgcv
version 1.7–28 (Wood 2001).Manual selection of the models
was undertaken using two indicators: (i) the AIC score in
which smoothing parameters (in terms of number of knots
and degrees of freedom) (Wood 2000) are chosen by cross
validation to minimise the AIC score for the model, unless
the parameters are directly speciﬁed; and (ii) the percentage
of deviance explained.The decision to drop each term from
the model was adopted following criteria proposed by Wood
(2001). The term was dropped if all the following criteria
were met: (i) if the estimated degrees of freedom for the term
was close to one; (ii) if the plotted conﬁdence band for the
term included zeroes everywhere; and (iii) if the cross vali-
dation score dropped when the term was dropped. In all
models, a visual inspection of the residuals was made to
assess homogeneity of variance, normality of residuals and
independence.
Group size was also modelled using a GAM with a
maximum of three knots and a logarithmic link function. In
this case, the response variable was the number of individuals
counted in each group and, as the data were over-dispersed,
a negative binomial error distribution was used with the
variance proportional to the mean. In this case, the detection
probability was included as a linear predictor to avoid the
bias introduced by the selective detection of larger groups at
larger distances or by other covariates affecting the detection
of the groups (Cañadas & Hammond 2006). Manual selec-
tion of the models was done following the same criteria
proposed by Wood (2001) to describe the number of groups.
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Estimates of density
Predictions of the number of groups and of group size were
produced over all the grid cells of the study area based on the
covariates in the most supported models and their corre-
sponding value in each grid cell. The estimated density of
ravens for each grid cell was calculated as the product of its
predicted number of groups and its predicted group size.The
ﬁnal point estimate of abundance was obtained by summing
the density estimates of all grid cells over the study area.
Estimation of variance
Two hundred non-parametric bootstrap re-samples of the
whole process were generated, using transect as the
re-sampling unit to obtain the CV and 95% CI.The degree
of smoothing of each model term was chosen by mgcv. The
ﬁnal CV for each model subset was calculated using the delta
method (Seber 1982), combining the CV of the detection
function with the CV of the models from the bootstrap.
RESULTS
Effort and sightings
Transect counts were conducted on 24 days (2 days
per month) between October 2012 and September
2013 (totalling 164.4 km; Fig. 1) and resulted in 343
sightings of raven groups (933 individuals). The
highest number of groups was sighted during October
and fewest in February (Fig. 2). A temporal pattern in
the number of ravens detected is evident, with the
number increasing from March to a maximum in
October and then decreasing to a minimum in Febru-
ary (Fig. 2).Approximately, 56% (n = 520) of all raven
sightings occurred during August to November, coin-
ciding with when most penguins, gulls and ravens were
incubating eggs.
Detection function
Thirty-six models were ﬁtted and the best-ﬁtting
model was a half-normal key function with simple
polynomials series expansion and no adjustment
terms. Two covariates were included in the best-
supported model: vegetation class (grass/patchy/
woodland) and group size. Month had little effect on
the detection function and was not supported in the
best models; consequently, the same detection func-
tion was applied in all months.
Number of groups and group size
The best-ﬁtting models for both the number of groups
and group size included explanatory variables of
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Fig. 2. Number of groups of little ravens (dashed line), and the total number of little ravens (solid line) sighted during line
transects with the proportion of little penguin nests with eggs (histogram) in each month of the calendar year, on Summerland
Peninsula, Phillip Island, south-eastern Australia.
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distance to the closest raven nest, distance to the
closest penguin nest, proportion of penguin nests with
eggs, the month during which transects were con-
ducted and the habitat (EVC) in which the birds were
detected (Table 2). In addition, the explanatory vari-
able of distance to the closest road was included in the
model for number of groups. The best models that
included an interaction term (month*minimum dis-
tance to penguin nests) for both the number of groups
and group size models had Δ AIC values >5 and >2
compared with the respective best-ﬁtting models.
Spatial and temporal changes in estimated
abundance
Ravens were most abundant in October when the
penguin colony had the highest proportion of nests
with eggs (Table 3; Fig. 3). This highest raven abun-
dance also coincided with the egg laying period of gulls
but not with that of shearwaters. Ravens were least
abundant in February during the non-breeding season
of penguins (Table 3; Fig. 4), shearwaters and gulls. A
clear temporal increase in raven densities was evident
(Appendix S1), which coincided with the penguin and
gull breeding seasons but not with the shearwater
breeding season (Fig. 5). The increase in densities
occurred in areas where penguins were breeding but
not where gulls were breeding (Fig. 3).
The temporal increase in raven densities also coin-
cided with raven breeding (Fig. 5). In both years of
monitoring, 11 active raven nests were found in the
study site. All 11 nests had nestlings (1.71 ± 0.23 nest-
lings per nest; 1–3 nestlings) in October 2012 during
the 2012 breeding season and by late August 2013, the
same 11 nests were active for the 2013 breeding season
where all of them had eggs (3.22 ± 0.12 eggs per nest;
two to four eggs).The increase in densities of ravens in
areas overlapping the nesting locations of ravens was
evident; however, a change in the spatial distribution of
ravens was not detected across the year (Appendix
S1).
DISCUSSION
Distribution and abundance
Numerous factors inﬂuence the spatial and temporal
occurrence of predators (Barnett & Semmens 2012;
Table 2. Model summary table for estimating the number of groups of little ravens (number of groups) and for the number
of little ravens per group (group size) on Summerland Peninsula, Phillip Island, south-eastern Australia.Variables retained in the
best-ﬁtting model and models with Akaike’s Information Criterion (AIC) weight > 0.05 (estimated degrees of freedom in
parentheses: 1 means a linear relationship) along with their percentage of deviance explained are shown. The models are
presented in the order of their Δ AIC values
Model Variables (df) AIC Δ AIC
AIC
weight
Deviance
explained (%)
Number of
groups
Dist_RvnNests (1.00) + Prop_Nests (1.00) + Dist_Roads
(1.74) + Dist_LPNests (1.86) + Month (2.99) + EVC
3877.93 0.00 0.53 9.01
Dist_RvnNests (1.00) + Prop_Nests (1.00) + Dist_Roads
(1.73) + Dist_LPNests (1.86) + Month
(2.99) + EVC + Dist_SwNests (1.00)
3879.79 1.86 0.20 9.01
Dist_RvnNests (1.00) + Prop_Nests (1.00) + Dist_LPNests
(1.95) + Month (2.99) + EVC
3880.40 2.47 0.16 8.79
Dist_RvnNests (1.00) + Dist_Roads (1.73) + Dist_LPNests
(1.87) + Month (3.61) + EVC + Dist_SwNests (1.00)
3881.11 3.18 0.10 8.93
Dist_RvnNests (1.00) + Dist_LPNests (1.96) + Month
(3.60) + EVC
3881.54 3.61 0.08 8.72
Group size Prop_Nests (1.83) + Dist_RvnNests (1.00) + Dist_LPNests
(1.00) + Month (2.32) + EVC
1389.58 0.00 0.49 14.70
Dist_RvnNests (1.00) + Dist_LPNests (1.00) + Month
(2.41) + EVC
1390.00 0.42 0.32 13.50
Prop_Nests (1.79) + Dist_RvnNests (1.00) + Month
(2.33) + EVC
1390.25 0.67 0.20 13.90
Dist_RvnNests (1.00) + Month (2.43) + EVC 1390.28 0.70 0.18 12.80
Prop_Nests (1.81) + Dist_RvnNests (1.00) + Dist_Roads
(1.00) + Month (2.33) + EVC
1390.39 0.81 0.09 14.50
EVC, ecological vegetation class (classiﬁcation of habitat) as a categorical variable; Dist_LPNests, distance to the closest little
penguin nest; Dist_Roads, distance to the closest road; Dist_RvnNests, distance to the closest little raven nest; Dist_SwNests,
distance to the closest short-tailed shearwater nest; Month, month during which the transects were conducted; Prop_Nests,
proportion of little penguin nests with eggs.
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Massaro et al. 2013). This study cannot unambigu-
ously determine the drivers of raven occurrence in
space and time, but our models imply that penguin
breeding appears to be an important inﬂuence on
raven occurrence. The spatial distribution of raven
density corresponded with the little penguin colony
but not with that of shearwater or gull colonies. The
presence of little penguin eggs in burrows correlated
Table 3. Point estimates of little raven abundance, mean abundance after bootstrap, 95% CI and CV after 200 bootstrap
re-samples of a model to describe changes in abundance on Summerland Peninsula, Phillip Island, south-eastern Australia
Month
Proportion of penguin
nests with eggs (%)
Estimated
abundance
Mean abundance
after bootstrap
95% CI after
bootstrap
CV after
bootstrap
January 6.25 134 128 98–158 0.15
February 0.00 100 95 73–117 0.07
March 0.00 102 105 81–129 0.08
April 0.00 111 112 87–137 0.10
May 0.00 127 125 98–152 0.12
June 0.00 145 140 112–168 0.14
July 0.00 157 160 127–193 0.15
August 10.45 248 245 209–281 0.22
September 78.18 240 242 203–281 0.21
October 93.75 408 410 366–454 0.28
November 46.88 305 304 263–345 0.23
December 14.38 201 198 163–233 0.19
Fig. 3. Surface map of little raven density (per grid cell i.e. 2500 m2) at the upper bounds of 95% conﬁdence interval in
October during which the highest proportion of little penguin nests with eggs was recorded, on Summerland Peninsula, Phillip
Island, south-eastern Australia.
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strongly with little raven activity (but not with that of
shearwaters), and at no time of year were ravens abun-
dant near the gull colony. Taken together, the results
imply that little ravens may have learnt to exploit the
plentiful subsurface food resource of penguin eggs
(Table 1). The same does not apply in relation to the
eggs of shearwaters or gulls.
The spatial overlap and temporal pattern of raven
density were consistent with ravens responding to a
resource pulse in their environment. Resource pulses
occur in the form of a temporary abundance of food in
an ecosystem (Yang et al. 2008; Greenville et al. 2014).
Where they occur, pulses can be either predictable
(e.g. seasonal aggregations of ﬁsh into an area for
spawning) (Graham et al. 2006) or unpredictable (e.g.
rapid plant growth due to unprecedented rainfall)
(Lodge et al. 1994; Greenville et al. 2013). In our
study, the synchronised nature of penguin egg laying
meant that eggs represented a seasonally predictable
food pulse possibly driving the temporal increase and
spatial overlap of ravens.
Large spatial and temporal aggregations of predators
taking advantage of seasonal food pulses have been
reported elsewhere (Graham et al. 2006; Tremblay
et al. 2011; Barnett & Semmens 2012; Peirce et al.
2013). Corvids are notorious for their ability to exploit
food pulses (e.g. seasonal berries, worms in ploughed
ﬁelds, rubbish tips, etc.) (Higgins et al. 2006; Seed
et al. 2009; Oravcova et al. 2014); however, this is the
ﬁrst study to systematically document large seasonal
aggregations of corvids to areas of colonial-nesting
seabirds which may experience intense egg predation.
Although there are numerous anecdotal reports of
intense egg predation by corvids at nesting seabird
colonies (Ewins 1991), none of them examine the
possibility of corvids aggregating near or in the colony
during the breeding season to exploit eggs.
The temporal coincidence of penguin egg availabil-
ity and raven breeding also overlapped spatially with
raven and penguin nesting locations. Most raven nests
(territories) were located near the coast, overlapping
with penguin breeding grounds, although some were
located at the centre of the peninsula. Apart from the
high raven density areas along the coastal belt, the only
other high density areas were located at the centre of
the peninsula. Corvids, like many other birds, are
Fig. 4. Surface map of little raven density (per grid cell i.e. 2500 m2) at the upper bounds of 95% conﬁdence interval in
February during the non-breeding season of little penguins, on Summerland Peninsula, Phillip Island, south-eastern Australia.
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territorial and pairs or family groups can defend their
territories within which they build their nests (Stien
et al. 2010). They are central-place foragers when
breeding, and parental care is centred on the nest
(Higgins et al. 2006).While the raven breeding season
generally extends from August to November, it seems
likely that in this study site, the timing of raven breed-
ing might be inﬂuenced by the availability of penguin
eggs as an abundant food resource. It is also possible
that the ravens establish their breeding territories close
to penguin nests.Thus, it appears plausible that ravens
exploit breeding penguins and utilise the penguin egg
resource during their breeding season.
Anthropogenic infrastructure also appeared to inﬂu-
ence raven occurrence in the study site. Roads can
usually be associated with food because of the occur-
rence of road-killed wildlife and litter (Guinard et al.
2012), and may also be used as navigational aids
(Forman & Alexander 1998; Bui et al. 2010). Corvids,
including little raven, are renowned scavengers and are
often sighted with carcasses, litter, garbage bins, etc.,
on roads and roadsides (Higgins et al. 2006; Santos
et al. 2011; Huijbers et al. 2013). Road-killed wildlife
is commonly found in and around the study site, and
ravens have been observed scavenging on numerous
occasions (Swinburne & Jessop 2005).
The temporal pattern in raven abundance also coin-
cided with the gull breeding season. However, the
spatial distribution of ravens show a distinct patch of
low density in the area where gulls breed, even though
the entire gull breeding area is only a small part of the
area bounded by the penguin colony.The cause of the
apparent low density around the gull colony is
unknown. Gull eggs are a potential food resource for
ravens, but gulls ﬁercely defend their nests (Kazama &
Watanuki 2010) and may perhaps effectively exclude
ravens or make attempts to eat gull eggs unproﬁtable.
Although both gulls and penguins nest colonially, nest
defence among gulls is cooperative (Kazama &
Watanuki 2010), whereas penguins defend individu-
ally (Miyazaki & Waas 2003). Gulls were observed
during the study mobbing ravens approaching the
colony.The variable ‘distance to the closest silver gull
nest’ however, did not feature in the best-ﬁtting model
as the effect of the gull colony may have been negligi-
ble on the raven abundance across the whole penin-
sula, particularly away from their breeding area on the
western tip of the peninsula (Fig. 1).
The temporal pattern in raven abundance did not
coincide with the shearwater breeding season, further
suggesting that the primary predatory attention of
ravens is penguin rather than shearwater eggs. It is
possible that ravens will prefer penguin eggs over
shearwater eggs for a number of reasons. Both species
lay eggs in burrows; however, penguin eggs are smaller
in size (55 g), laid in clutches of two and are easier to
reach (Kemp & Dann 2001). Shearwater eggs are
larger (85 g), laid in clutches of one and are laid in
relatively long, often curved, burrows (Carey 2011a,b)
that are more difﬁcult to access and visually obscure
50
100
150
200
250
300
350
400
450
500
550
May Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr
E
st
im
at
ed
 ra
ve
n 
ab
un
da
nc
e
Little raven
Little penguin
Silver gull
Shearwater
Fig. 5. The estimated little raven abundance for each month with the little penguin, silver gull, short-tailed shearwater, and
little raven breeding seasons, on Summerland Peninsula, Phillip Island, south-eastern Australia.
CORVIDS AGGREGATE TO PREY ON PENGUIN EGGS 9
© 2015 Ecological Society of Australia doi:10.1111/aec.12311
the egg. Furthermore, the timing of the raven breeding
season aligns well with penguin egg availability (in late
September and October) with the incubating adult
and nestlings requiring an abundant food supply from
September to November.
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Abstract
Context.Loss of eggs to predators is amajor cause of reproductive failure amongbirds. It is especially pronounced among
ground-nesting birds because their eggs are accessible to awide range of predators. Few studies document themain causes of
clutch fate of ground-nesting birds.
5 Aims. The main objective of the present study was to identify the major egg predator of red-capped plovers (Charadrius
ruﬁcapillus). We also investigated the effectiveness of the following two primary strategies available to the plovers to avoid
egg predation: (1) the placement of clutches under vegetative cover and (2) avoiding predators by nesting outside the peak
season of predator occurrence.
Methods.Remote-sensing cameraswere deployedonplover nests to identify eggpredators andnestsweremonitoredover
10 four breeding seasons to document reproductive success and fate. An experiment using false clutches with model eggs
investigated the inﬂuenceofnest cover on the riskof eggpredation throughout theyear.Line-transect surveyswere conducted
to estimate the abundance of egg predators in and around the wetlands.
Key results.The little raven (Corvusmellori)was themajor eggpredator identiﬁed in 78.6%of red-capped plover clutches
and in 92.4% of false clutches that were camera-monitored. The hatching success of plover eggs was not inﬂuenced by nest
15 cover (P = 0.36), but model egg survival in false clutches improved signiﬁcantly with the presence of nest cover (P= 0.02).
The abundance of little ravens increased during the plover breeding season and was highly negatively correlated with false
clutch survival (rpearson = –0.768, P = 0.005).
Conclusions.Little ravenswere themajor predator of red-capped plover eggs and their abundance increased signiﬁcantly
during the plover breeding season. Any inﬂuence of nest cover on hatching success of eggs may have been masked by the
20 extremely high rate of egg loss associated with the increased little raven abundance during the plover breeding season.
Implications. The high rate of egg predation is likely to have negative consequences on the local red-capped plover
population, suggesting management is warranted. Little raven populations have expanded and, thus, their impact as egg
predators needs to be investigated especially on threatened species.
Additional keywords: Charadrius, Corvus, cover, predator, season, shorebird.
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Introduction
Predation of eggs is a major cause of reproductive failure
among birds (Ricklefs 1969). Extensive depredation of eggs
of some species has been identiﬁed as a key threatening
5 process contributing to a heightened extinction risk (Peery
and Henry 2010; Massaro et al. 2013). Predation of eggs also
inﬂuences reproductive strategies of breeding birds, and risk
of depredation is dependent on factors such as nest defence,
diversity and abundance of egg predators, and the types of cues
10 predators use to ﬁnd nests and eggs (Caswell Stoddard et al.
2011; Krama et al. 2012; Schneider and Griesser 2013). Nest
placement and concealment are also critical determinants of
risk of egg depredation; for example, burrows potentially
conceal eggs and enable more effective nest defence against
surface-dwelling predators (Sherley et al. 2012; Bourgeois
et al. 2014).
Different types of egg predators exist worldwide, using
different cues to ﬁnd nests and eggs (Ekanayake et al. 2015).
5Mammalian egg predators such as foxes, raccoons and rodents
use both olfactory and visual cues and forage both diurnally and
nocturnally (Matsui and Takagi 2012; Price and Banks 2012).
Avian egg predators such as gulls and corvids predominantly use
visual cues and forage only during daytime (Santisteban et al.
102002; Eggers et al. 2005; Ekanayake et al. 2015). Most studies
that investigate egg predators provide evidence of a suite of
different types of egg predators operating concurrently within
habitats, sometimes causing extensive losses to breeding birds
(Conkling et al. 2012; Latif et al. 2012). These suites of different
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types of egg predators differ among habitats and, therefore,
the associated risk of egg depredation varies among habitats
(Söderström et al. 1998; Sánchez-Oliver et al. 2014). The risk of
egg depredation also varies among different types of nests built by
5 breeding bird species (Söderström et al. 1998; Barbaree et al. 2014).
Most tree-nesting species beneﬁt from vegetative cover
that provides the nests and eggs with some concealment from
visually foraging predators (Matsui and Takagi 2012; Segura
et al. 2012; Schneider and Griesser 2013). The associated risk of
10 egg depredation is inﬂuenced by the conspicuousness of the
incubating adult and also by the presence of egg predators with
the ability to climb (Fontaine and Martin 2006; Matsui and Takagi
2012). The risk of egg depredation is reduced in cavity or burrow-
nesting species because they beneﬁt from additional physical
15 protection and visual concealment from egg predators, and
because incubating in burrows or cavities permits easier defence
of eggs (Stokes andBoersma1998;Wesołowski 2002).Conversely,
ground-nesting species are susceptible to high egg depredation
rates because their nests and eggs are easily accessible, the
20 incubating adult may be relatively conspicuous, and also because
they are exposed to many types of egg predators (McKinnon and
Bêty 2009; Fletcher et al. 2010; Smith et al. 2012; Ekanayake et al.
2015). Identiﬁcation of egg predators constitutes the ﬁrst step of
managing the impact of egg predation on the reproductive output
25 of affected breeding bird species. However, few studies exist that
document the fate of ground-nesting bird eggs, especially in
Australia (for an exception, see Cardilini et al. 2013).
Our study was predicated on observations of high rates of egg
loss of a common ground-nesting shorebird species, the red-
30 capped plover (Charadrius ruﬁcapillus), in a wetland in south-
central Victoria, Australia (Ekanayake et al. 2015). The wetland
was inhabited by populations of the introduced European red
fox (Vulpes vulpes) and the native little raven (Corvus mellori),
both of which have been reported preying on bird eggs in
35 previous studies (Weston et al. 2009; Lomas et al. 2014). The
main objective of the present study was to identify the major
predator of red-capped plover eggs. We also investigated the
effectiveness of the following two primary strategies available
to theplovers to avoid eggpredation: (1) theplacement of clutches
40 under vegetative cover; and (2) avoiding predators by nesting
outside their peak season of occurrence.
Materials and methods
The study was conducted at and around two subcoastal wetlands
west ofMelbourne,Victoria,Australia, namely,CheethamWetlands
45 (375305600S, 1444703300E; 420ha; Fig. 1) and adjacent Truganina
Swamp (375200700S, 1444801200E; 148ha; Fig. 1). Both sites host
a sizeable natural population of breeding red-capped plovers
(minimum count exceeds 200 birds; Tan et al. 2015) as well as
populations of little ravens, European red foxes and a variety of
50 other potential egg predators (e.g. raptors, rodents and reptiles)
(Antos et al. 2007; Ekanayake et al. 2015). The red-capped
plover is a small (140–160mm in length), endemic shorebird that
laysoneor twoeggsperclutch, July–March, inasimpledepression in
the substrate along beaches and wetlands (Marchant and Higgins
55 1993). In the study area, red-capped plovers nest on the dry shores
and ponds, and among low coastal saltmarsh vegetation dominated
by native plant species such as shrubby glasswort (Tecticornia
arbuscula). They often lay multiple clutches within a breeding
season, providing a substantial food resource for egg predators.
Red-capped plovers and little ravens frequently move between
Truganina Swamp and Cheetham Wetlands (M. A. Weston 2015,
5unpubl. data); thus, datawere pooled for analysis. Colour banding of
red-capped plover adults attending nests had occurred over past
breeding seasons and permitted the identiﬁcation of individual birds
(Ekanayake et al. 2015).
Identifying egg predators
10The study area was intensively systematically searched by foot for
nests, between July 2009 andApril 2010.Oncenestswere found and
geolocated, the eggswere agedusing theﬂotationmethod toestimate
the hatching date to within 4 days of the true hatching date (see
Liebezeitetal. 2007).Nest cover (vegetationcoverover thenest)was
15measured using a 105-mm-diameter circle made to encompass the
sizeofmostnests (mean s.e. throughout:diameter,74.0 0.6mm,
50–140mm; depth, 11.1 0.3mm, 1–49mm; n=468 nests). The
circlewasmarkedwith12 12mmgrid squares, and itwas laidover
thenest andobserveddirectly fromabove tocount thenumberofgrid
20squares covered or not covered by vegetation. The percentage of
visible grids was calculated and each nest was allocated a cover type
(covered or open). A covered nest was deﬁned as having10% of
the grids covered (after Lomas et al. 2014). To ascertain whether
hatchingoccurred, daily checkswere conductedclose to thehatching
25date as estimated by the ﬂotation method.
Fourteen nests were selected that were at least 200m apart
to be monitored by remote-sensing day and night Scoutguard
cameras (5MP ultra compact digital scouting camera, DTC-
530V, HCO Outdoor Products, www.hcooutdoors.com,
30accessed on 7 September 2015) to identify egg predators.
They were stationed 2–3m away from the nest and were
encased in camouﬂaged plastic containers mounted on a short
stake ~200mm above the ground to maximise concealment from
predators. The cameras were operated continuously through day
35and night and were set to high sensitivity and were conﬁgured to
capture three images at 3-s intervals, with the interval between
triggers and inactive period set to 0 s. Remote-sensing cameras
were also used to monitor 66 experimental false clutches
through day and night (two model eggs per clutch and each
40clutch at least 200m apart) to further index egg predators and
predation, between September and November 2009. The false
clutches consisted of a small scrape with two European quail
(Coturnix coturnix) eggs that were similar in colour, shape and
dimensions, andwere placed both under vegetation (100%cover)
45andout in the open tomimic red-cappedplover nests (Lomas et al.
2014). We ensured that cameras were well camouﬂaged and
hidden among vegetation well away from the location of the nest
to avoid predator attraction or avoidance. Extreme care was
taken to ensure that we were not followed by predators, and
50cameras or false clutches were never deployed when predators
were present in the general vicinity. Images were examined to
identify egg predators and to determine the interval between
cameradeployment andpredation (henceforth, time topredation).
Nest cover and egg depredation
55Data on red-capped plover egg hatching success from four
breeding seasons (2008/09, 2009/10, 2010/11 and 2011/12)
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were collated and the inﬂuence of presence (covered) or
absence (open) of cover on the fate of eggs was examined.
Other factors that inﬂuence hatching success of ground-
nesting bird eggs, such as age of nest at discovery (using
5 the ﬂotationmethod), time of breeding season at which the nest
was located (number of days since 1 of July) and the respective
breeding seasonwere also examined (see Cardilini et al. 2013).
We conducted a second experiment to examine the inﬂuence
of cover and time of the breeding season on egg survival. In total,
40 covered and 40 open false clutches with model eggs were
deployed once every month fromMarch 2012 to February 2013,
with each clutch being at least 200m away from previously used
locations. Concerns over raven attraction to cameras precluded
5their use for this experiment as well as ongoing use on real nests
(see Results) and, thus, false clutches in this experiment were
monitored via direct observations. Direct observations involved
examining whether the eggs of false clutches were intact or
missing from a distance of at least 50m, with the aid of a pair
Transects
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Industrial
Open
Urban
Wetland
0 1 2 Kilometres
N
Fig. 1. Map of the study area west of Melbourne, Victoria, Australia.
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of binoculars or a spotting scope. False clutches were in place for
30 days to resemble the incubation period of red-capped plovers.
They were checked every 10 days to determine the fate (predated
or survived; no clutches were ﬂooded). Because we could not
5 collect sufﬁcient data to identify types of predators and respective
predation rates, the fate of clutches was coded as survived when
eggswere still intact after 30days, or as predatedwhen either eggs
had been lost or predation of eggs was sighted, regardless of the
type of predator. Clutches that survived 30 days were removed.
10 Only one deployment of false clutches was conducted for both
April and May because the ﬂooding of the wetlands in April
prevented access to the wetlands and, consequently, the
deployment spanned April and May.
Abundance of little ravens in space and time
15 Abundance of little ravens in the study sites and surrounding areas
was investigated because theywere identiﬁed asmajor egg predators
of red-capped plovers (see Results). Little raven is a highly mobile
nomadic species thatmoves between habitats (Whisson et al. 2015);
thus, to obtain an index of abundance of the local population, we
20 sampled all known habitats adjacent to the wetlands. Little raven
numbers were monitored via 18200-m-long line transects in three
different habitat types (six within the wetlands, six in the adjoining
grasslands and six in the surrounding urban areas; Fig. 1). Transect
surveys were conducted from a slowly moving car and each took
25 15min to complete. Every little raven seenwas recorded, its distance
perpendicular to the road determined using a laser rangeﬁnder
(Bushnell Elite 1600) and a compass, and its behaviour noted.
Transectswere conducted approximately twice amonth fromMarch
2012 to February 2013.
30 Statistical analyses
Analyses including model selection, Student’s t-tests and
contingency-table (c2) analyses were performed in R (version
3.1.2; http://cran.r-project.org, accessed 7 September 2015) using
lm,glmandglmmPQLwithin thebasepackagesandpackageMASS.
35 All graphs, except for Fig. 2, are presented with raw untransformed
data to enhance readability and do not imply normality of data.
Summary statistics are presented as means one standard error
(unless otherwise stated) and model statistics include coefﬁcients
(C), standarderrors (s.e.),z-valueand/or t-andP-values.Theanalysis
of time to predation of model eggs by little ravens (minutes; log-
transformed to achieve normality) was analysed against the order
of deployment of the false clutch.
5A model selection approach investigated the inﬂuence of
nest cover on the hatching success of red-capped plover eggs.
The nest fate (hatched or failed) was assessed against several
predictor variables, including nest cover, age of nest at
discovery, time of breeding season at which the nest was
10located and the respective breeding season. Model selection
incorporating model uncertainty and relying on full likelihood
such as information-theoretic approaches (e.g. Burnham and
Anderson 2002) cannot be implemented when employing
penalised quasi-likelihood methods (Zuur et al. 2009).
15Therefore, backward stepwise regression (BSR) was used to
select the best (most parsimonious) model. In this approach, a
model including all variables is built as the ﬁrst step and then
variables with a t-statistic of <2 are removed iteratively until
only important variables (i.e. t-statistic of >2) remain in the
20optimal model (following Zuur et al. 2009). Some marked
females nested on multiple occasions across a breeding season
as well as across years, resulting in non-independence of data
owing to individual-level correlation structures (Zuur et al.
2009). This violation of independence was accounted for by
25using generalised linear mixed models (GLMMs) in the model
selection approach and by including female identity as a
random term (all other factors were ﬁxed).
The transect count data of little ravens were analysed using
software DISTANCE 6.0 release 2 (Thomas et al. 2010).
30Because the transects were conducted in three different
habitats with varying detectability, a detection function for
each of the habitats was estimated by pooling sightings from
all months for the three different habitats. The detection
functions considered were of key functions (uniform, half
35normal and hazard rate), and of series expansions of simple
polynomials (four adjustment terms), cosine (two adjustment
terms) and hermite polynomials (four adjustment terms). The
selection of the best detection function was based on Akaike’s
information criterion (AIC). The best detection function was
40then used to calculate the relative densities and abundances of
little ravens in the three habitats in each of the months of the
(a)
KEEP GUARD KEEP GUARD10.15.2009  12:30:09 9.19.2009  13:11:48
(b)
Fig. 2. Camera images of little ravens preying on red-capped plover eggs from (a) a covered nest and (b) an open nest.
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calendar year. The abundances were then correlated with the
fate of false clutches in the covered and open false-clutch
experiment.
Results
5 Eggs of 78.6% of red-capped plover nests (n = 14) and of
92.4% of false clutches (n= 66) that were camera-monitored
were preyed on by little ravens (Fig. 2). The remaining eggs of
21.4% of red-capped plover nests and of 7.6% of false clutches
that were camera-monitoredwere preyed onbyEuropean red foxes.
10 The time to predation of eggs by little ravens did not differ
signiﬁcantly between covered and open red-capped plover nests
(independent Student’s t-test, t=1.11, d.f. = 3.33,P=0.34; covered,
59.58 15.85 h; open, 136.44 67.46 h). Similarly, the time to
predation of model eggs by little ravens did not differ signiﬁcantly
15 between covered and open false clutches (independent Student’s
t-test, t=0.10, d.f. = 42.17,P=0.92; covered, 18.19 8.95 h; open,
19.41 7.73 h). The interval between deployment and predation of
model eggs by little ravens decreased with the order of deployment
of false clutches (F1,64 = 47.30,P< 0.001,R2= 0.416; log10 (time to
20 predation,min) =–0.033 nest (deploymentorder) + 3.801; Fig. 3).
Inﬂuence of nest cover on risk of egg predation
The inﬂuence of the presence of nest cover on the risk of egg
predation was investigated by collating nest-record data of red-
cappedplovers from fourbreeding seasons.Hatching successwas
25 not signiﬁcantly inﬂuenced by nest cover or any other candidate
variable included in the model (Table 1). Backward stepwise
model selection procedures failed to provide signiﬁcant evidence
of noteworthy contributions by any of the variables to red-capped
plover hatching success.
30 In contrast, the covered and open false-clutch experiment
provided evidence for nest cover improving the survival of
eggs over a 30-day period (Table 2). The survival of model
eggs was also compared between covered and open clutches
during the red-capped plover breeding season as well as during
the non-breeding season. More covered than open clutches
survived during the plover breeding season (contingency table,
c2= 4.773, d.f. = 1, P= 0.029; covered, 7.8%; open, 3.6%),
5whereas no difference was evident between covered and open
nests during the plover non-breeding season (contingency table,
c2= 1.601, d.f. = 1, P = 0.206; covered, 22.5%; open, 16.8%).
Overall, more false clutches (covered and open) survived during
the plover non-breeding season than the breeding season
10(contingency table, c2 = 8.839, d.f. = 1, P = 0.003; non-
breeding season, 19.7%; breeding season, 5.7%).
Temporal and spatial shifts in little raven abundance
The transect counts of little ravens in wetland, grassland and urban
habitats were adjusted according to their different detection
15probabilities. The resulting abundance estimates varied in the
different habitats over a calendar year (Fig. 4). The abundance
estimates for the different habitats were not signiﬁcantly correlated;
wetland versus urban habitats (rpearson =0.487, P=0.108), wetland
versus grassland habitat (rpearson =–0.237, P=0.459) and grassland
20versus urban habitat (rpearson =0.472, P=0.122).
The abundance estimates for the wetland habitat where the
red-capped plovers bred and the false-clutch experiment was
conducted, were strongly negatively correlated with the
percentage of false clutches (both covered and open) that
25survived over a 30-day period (rpearson = –0.768, P = 0.005;
Fig. 5). The abundance estimates were also modestly positively
correlated with the percentage of red-capped plover nests laid
in each month pooled across the four breeding seasons
(rpearson = 0.593, P = 0.054; Fig. 5).
30Discussion
The native little raven, the most common corvid species in south-
eastern Australia (BirdLife Australia 2015), was the major egg
predator of red-capped plover eggs in thewetlands, and predation
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by ravens was the most common fate of real andmodel eggs. The
probability of egg survival was low. Although anecdotal accounts
of little raven egg predation on ground clutches exist (Weston and
Elgar 2007; Cardilini et al. 2012), this is the ﬁrst conﬁrmed and
5 systematic account of widespread, intense egg predation by little
raven on non-colonial shorebird ground clutches, a phenomenon
reported for other corvids (Persons 1995; Manzer and Hannon
2005; Fletcher et al. 2010; Rees et al. 2015a, 2015b). Our study
area also was inhabited by a substantial European red fox
population, and although foxes are known egg predators in the
study area, our results defy the commonly held view that foxes
5are the predominant predator of ground eggs (Maguire et al. 2009;
Mahon 2009). It may be that under reduced rates of raven
depredation, foxeswould increase inprominenceasaneggpredator.
Table 1. Results from the generalised linear mixed model (GLMM) investigating the inﬂuence of nest cover and
additional predictor variables on hatching success of eggs of red-capped plovers
d.f., degrees of freedom; C, coefﬁcient; s.e., standard error
Predictor variable d.f. C s.e. t-value P-value
Nest cover 223 –0.419 0.464 –0.904 0.365
Age of nest at discovery (days) 223 0.046 0.034 1.340 0.180
Time of breeding season (days since 1 July) 223 0.002 0.003 0.706 0.480
Breeding season 223 –0.206 0.184 –1.117 0.263
Table 2. Results from the generalised linearmodel (GLM) investigating the inﬂuence of nest cover (coded present
for covered and absent for open) on fate of false clutches
d.f., degrees of freedom; C, coefﬁcient; s.e., standard error
Predictor variable (reference level) d.f. C s.e. t-value P-value
Intercept 878 –2.388 0.172 –13.902 < 0.001
Nest cover (present) 878 0.503 0.222 2.264 0.023
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Wealsofoundthat the intervalbetweendeploymentofcamerason
false clutches and predation of model eggs by ravens decreased with
the order of false-clutch deployment. Because these false clutches
were deployed during September–November, the decrease in time to
5 predation could be attributed to the already high raven abundance
during this period, as estimated by the transect counts. However, a
seasonal effect of raven abundance on the time to predation could not
be determined because of the lack of time to predation data across a
calendaryear.Thedecrease in time topredationmayalso suggest that
10 the little ravens were learning to associate the presence of cameras
with the presence of food in the form of eggs or to follow or observe
the path of researchers in theﬁeld to eventually ﬁnd eggs. The ability
of corvids to learn through observation and also to learn from the
behaviour of other corvids through observation (social learning) is
15 well known (Emery and Clayton 2004; Marzluff and Angell 2007;
IzawaandWatanabe2011), and theiruseof intelligence inpreyingon
bird eggs has been demonstrated in several studies (see below).
Corvids can associate nest markers used by scientists to mark
the locations of real nests with the presence of food, and cue in on
20 them for egg predation (Rollinson and Brooks 2007). They have
been reported trap-lining closely spaced artiﬁcial nests,
destroying several nests sequentially within a few hours (Buler
and Hamilton 2000). They are also believed to develop search
images for real nests and have the ability to locate prey (e.g. eggs
25 in nests) in ﬂight (Dwernychuk and Boag 1972), on foot (Sugden
andBeyersbergen1987) and fromperches (Salathe1987).Thus, a
key question is whether our monitoring affected our results to
the extent that our conclusions do not hold. We contend that
little ravens are the major egg predator in our study system,
5because predation was high before any learning could have
occurred, we have observed ravens taking red-capped plover
eggs from nests at which we have not worked, and European
red foxes had substantial opportunity to prey on eggs, but only
did so comparatively rarely.
10Inﬂuence of nest cover on risk of egg predation
The use of nest cover is thought to result from a balance between
thermal and anti-predator beneﬁts associated with covered and
open locations (Amat and Masero 2004; Lomas et al. 2014), and
higher chronic stress levels are evident in birds attending open
15nests (Tan et al. 2015). Although some studies have provided
evidence of improved hatching success in covered nests
compared with open nests (Parsons and Chao 1983; Manzer
and Hannon 2005), our observations of real red-capped plover
nests suggested that cover does not provide any anti-predator
20beneﬁts for nests. However, the lack of a difference in predation
ratesbetweencoveredandopennestsmaybeattributed to thehigh
abundance of little ravens in the wetlands during the red-capped
plover breeding season, as well as the sizeable introduced
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European red fox population. The likelihood of a nest being
found regardless of the presence of cover would have been
high, owing to the high foraging intensity of little ravens and
European red foxes in the wetlands during the plover breeding
5 season. Also, the additional visual cue of an adult ﬂeeing from
the nest and the olfactory cue of an incubating adult may have also
helped the already highly abundant predators to locate nests and
eggs more effectively, regardless of the occurrence of cover (see
Ekanayake et al. 2015). Corvids are known to ﬂy low to ﬂush the
10 incubatingplovers fromthenests and then toactively search fornests
and eggs bywalking fromone potential nest site to another (Persons
1995).
Inﬂuence of nest cover was evident only in the false-clutch
experiment, whereby model eggs of false clutches placed under
15 cover exhibited better survival than did model eggs of open false
clutches. Nest cover, in this case, may have helped conceal the
eggs from visual predators and the absence of an incubating adult
or an adult ﬂeeing from the nest may have reduced the likelihood
of predators locating nests and eggs. It should also be noted that
20 even though experiments using false clutches often elucidate
general patterns such as differences between habitats, they do not
exactly mimic the survival and fate of real nests (Davison and
Bollinger 2000; Mezquida and Marone 2003; Moore and
Robinson 2004).
25 Seasonal shifts in little raven abundance
Wefound amarked increase in little raven abundance in thewetlands
during the red-capped plover breeding season. The correlations
between the little raven abundance estimates for the wetland and
the percentage of red-capped plover nests laid in each month, and
30 also the percentage of false clutches surviving to 30 days, suggested
that little ravens are aggregating at the wetlands to take advantage of
the seasonally abundant prey resource of red-capped plover eggs.
Some predators target seasonal or temporal increases in abundance
of prey (food pulses), aggregating in areas where prey populations
35 are seasonally abundant (Clua and Grosvalet 2001; Klinka and
Reimchen 2002; Barnett and Semmens 2012). Corvids are
notorious for their ability to exploit anthropogenic (e.g. rubbish
tips) and natural (e.g. seasonal availability of berries; Marchant
and Higgins 1993; Seed et al. 2009; Oravcova et al. 2014; Rees
40 et al. 2015a) food pulses; however, these pulses are generally not
associated with prey, such as the eggs of ground-nesting shorebirds.
This is the ﬁrst study to document seasonal aggregation of a corvid
to a predictable prey resource, which is subject to intense predation
rates. It is also likely that the little raven population near thewetlands
45 time their breeding season to coincide with the increased abundance
of prey; however, this cannot be inferred because of the lack of raven
breeding season data at this site.
Our results further suggest that laying eggs at times of high
predator abundance andactivity can lead to excessive depredation
50 of eggs. The overlap of breeding activity of the affected species
and increased abundance and activity of predators leading to
intense depredation of eggs has been documented in many
habitats worldwide (Pierce 1986; Baines et al. 2004; Fletcher
et al. 2010). Conversely, our results also suggest that laying eggs
55 at different stages of the breeding season can confer an advantage
to red-capped plovers in terms of reduced risk of egg depredation
by little ravens. Laying in the early stages of the breeding season
(July–September) and also in the late stages (February–April)
may improve hatching success because of the relatively low
abundance of little ravens in the wetland. This could develop
into an anti-predator adaptationwhereby greater hatching success
5would be achieved with increased nesting effort at times of
reduced predator abundance (presuming raven abundance does
not shift relative to red-capped plover egg availability). Greater
hatching success in early and late stages of the breeding season
has been documented for ground-nesting shorebirds, subject to
10intense egg-predation rates; however, the possibility of it
functioning as an anti-predator adaptation has not been tested
(Page et al. 1983; Grant et al. 2005). Plasticity in the timing of
breeding would also imply the need to manage competing
demands associated with other seasonal life-history events
15such as moult (Rogers et al. 2014).
Conservation implications
Themost importantﬁnding of our studywas the discovery of little
ravens as the major predator of red-capped plover eggs. It was
assumed that the introduced European red fox was the major egg
20predator and that control of foxes would be beneﬁcial for red-
capped plovers. Our ﬁndings emphasise the importance of
conducting systematic studies to identify (rather than assume)
predators and their impacts.
Corvid populations worldwide are increasing and expanding
25in range, and their adaptability has enabled them to exploit both
anthropogenic and natural food sources (Marzluff and Angell
2007; Marzluff and Neatherlin 2006; Palomino and Carrascal
2007). Indeed, their impact as egg predators on native prey can be
severe because they can supplement their diets with non-seasonal
30anthropogenic food sources when eggs are not available
(Marzluff and Angell 2007; Marzluff and Neatherlin 2006).
Some corvid populations already have had negative impacts
on some prey species and other wildlife (Archer 2001; Brook
et al. 2003; Yosef and Yosef 2010). In Australia, little raven
35populations have expanded over the past two decades and, in
some areas, they are now considered superabundant (BirdLife
Australia 2015). The severity of their predatory impact on a range
of bird species, therefore, is likely to continue to increase and
further investigation is warranted to assess the true extent of egg
40predation, especially on threatened prey species. Elsewhere,
corvid control has resulted in increases in prey numbers (Peery
and Henry 2010) and control of corvid and fox populations can
dramatically increase the reproductive success of ground-nesting
birds (Fletcher et al. 2010). Egg depredation by corvids has been
45managed successfully through means such as conditioned taste
aversion which exploits the learning capacity of corvids to create
aversion (Cox et al. 2004; Gabriel and Golightly 2014).
Therefore, approaches to manage little ravens and their impact
as eggpredators, need tobe thoroughly investigated (seeTan et al.
502015).
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